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ABS IR ACT 

A theoretical and expsrIriantal study of microwave 

breakdown in waveguide was made. A survey was made of the 

available literature on the subject of high-pcwer breakdown, 

with particular emphasis upon breakdown in the microwave 

region.  A bibliography of the available literature on the 

subject of high-power breakdown is given in Appendix A. 

The fundamental concepts of direct-current break- 

down are discussed and the extension of these ideas to 

alternating-current breakdown is shown.  The prominent 

theories of microwave breakdown, both for continuous-wave 

and pulsed power, are presented and the pertinent experi- 

mental data are examined for consistency and agreement with 

theory.  It is shown that from a statistical viewpoint the 

available data on microwave breakdown are consistent. 

An experimental approach for determining microwave 

breakdown, based upon the statistical nature of breakdown, is 

presented wherein the breakdown power was determined from a 

plot of sparking probability vs power.  A microwave teat 

circuit was designed to experimentally determine the sparking 

probability.  The Individual components are discussed both 

as to purpose and physical form.  One unique component is a 

photocell and electronic counter for detecting and recording 

the light from the breakdown spark.  An evaluation of the 
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errors introduced by the teat circuit components is also 

made.  The measurement procedure proposed yielded sufficient 

data to completely describe the power-handling capacity of 

the test components. 

The experimental use of cobalt 60 as a source jf 

electrons to initiate breakdown was investigated and found 

useful.  It permitted the accurate determination of the onset 

stress and at the same time reduced the time required for the 

test.  The use of various devices, such as microphones, 

Templlsq, starch, and photographic paper, for determining the 

region of breakdown was investigated.  The dependence of peak- 

power capacity or the important microwave '.6"-...r. parameters 

such as pulse width, pulse shape, repetiw ■. iiequency, gas 

pressure, nature of the gas, mechanical finish, pis ting 

material, and f-aouency, was theoretically and experimentally 

investigated. 

The peak-power capacity of waveguide and a wide 

variety of components as a function of ga« pressure was 

studied.  The results of the tests are V.scusPed Jr terms of 

the statistical theory of t. »akdown and th« Similarity in 

design configuration of the components. 

One phase of the program was concerned with inves- 

tigating the breakdown characteristics of the basic microwave 

structures or building blocks from which microwave components 

li CONFIDENTIAL 



COHFIDEHTIAL 

are   sytheslzed.     Zha  microwave   structures   investigated were 

probes,   tends,   posts,   slots,   irises,   and   twists.     In  addition 

the  pro.xlr.i-.y  effects   of   the   structures   and   the  existence  of 

nore   than  one   type   of  brea!: »own was   studied.     Data  are  pre- 

sented   on building  block  atmctWM  wir:   _ will  be  useful   to 

the  nicrowave   component develo.   *'      enLineer.     This   approach 

will  reduce   the   fim»  required   v     -3sUn high-power microwave 

components.     Finally,  methods   of   ir •■ .vi.g  existing  com- 

ponents   are  presenter     Recommendations   for  future  work  are 

made. 
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PART   I 

SECTION  A 

PURPOSE 

^H^> 

1. PURPOSE   OF DEVELOPMENT 

This  contract  is  primarily  concerned with  the  devel- 

opment  of  a measurement  technique   to determine waveguide peak- 

power  capacity as  a function  of  several electrical  and mechan- 

ical variables.     A  secondary purpose  involves  the determination 

of  the peak-power  capacity df   specified components  in 1-inch 

x 1/2-inch x  ,050-inch waveguide.     The  experimental deter- 

mination of   the peak-power  capacity of  specified  components 

in  the  3-inch x l-l/2-inch x   .CßO-inch waveguide  size was 

deleted from the   contract because  of   the  continued unavail- 

ability of  an S-band power source.     In its place  a program  to 

determine   the breakdown  characteristics  of  basic microwave 

structures  or  "building-blocks"  was  substituted. 

2. STUDY AND  WORK PHASES 

The program was divided as follows: 

a.  study and full appraisal of all available technical 

information on the subject of breakdown in waveguide trans- 

mission lines and components 

I 
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b. study and experimental investigation of various means 

for the positive measurement of peak-power capacity 

c. development of the techniques required for the appli- 

cation of the method of measurement chosen from b, 

d. investigation into the problem of determining the 

breakdown region 

e. application of the results of the previously described 

work to an investigation of the dependence of peak-power 

capacity upon the following design parameters: 

(1) pulse duration 

(2) pulse shape 

(3) pulse repetition frequency 

(I4,) gas pressure 

(5) nature cf the gas 

(6) mechanical finish 

(7) plating material 

(8) microwave frequency 

f. testing the following 1-inch x l/2-inch x .050-inch 

waveguide components: 

(1) DA-22/U  termination 

(2) CÜ-206/U directional   coupler 

^     «► 
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(3) CU-l6i|/U interlocked flexible waveguide 

iU.) CU-166/U convoluted flexible waveguide 

(5) UG-lii+ö/U waveguide-to-type N adapter 

(6) UG-14.56/U series tee 

(7) VG-kSl/V  shunt tee 

(8) UG-l4.CA/ü-to-ÜG-39/U, choke-to-cover flange connection 

(9) ÜG-39/U-to-UG-39/U, cover-to-cover flange connection 

(1C) rotating joint, circular-waveguide type 

(11) rotating Joint, rectangular-waveguide type 

(12) directional coupler, branch-guide, 10-db 

(13) directional coupler, two-hole, 20-db 

ilk) directional coupler, Bethe-hole, 25-db 

(15) directional coupler, long-slot, 10-db 

(16) directional coupler, Schwinger, 30-db 

(17) waveguide switch, rotatlng-drive type 

(18) waveguide switch, resonant-ring type 

(19) waveguide switch, rotatlng-dlsk type 

(20) hybrid-ring duplexer 

(21) conventional waveguide duplexer 

The   investigation  of   the   breakdown  characteristics 

of   the basic microwave  structures  or building blocks  stressed 

investigation  of   the: 

a. performance   of   the  building blocks 

b. proximity effects   of   the building blocks 
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c. existing components to analyze weak links on the basis 

of the results of the building-block investigation 

d. improvement of existing components based on utilizing 

optimized building blocks 

e. existence of more than one type of breakdown 

The following basic microwave structures, or 

building blocks, received the major emphai's under this 

program: 

c 

a, probes 

b, bends 

c, posts 

d, slots 

e, irises 

f, twists 
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SECTION 3 

GENERAL FACTUAL DATA 

3,  REFERENCES 

All references cited in the text are listed 

alphabetically accordi.ig to the authors in Appendix I. 

1+.  FORMULAE 

i^-.l  General 

The mathematical considerations concerning certain- 

phases of this program are presented herein.  Additional 

mathematical analyse's, whose development is an integral 

part of the material under discussion, are Included in 

Section C, Detail Factual Data. 

4.2 Sliding Mismatch Reflectometer Method for VSWR Measure- 
ment (Fifth Quarterly Report)-* 

The error analysis made on the sliding mismatch 

reflectometer method for VSWK was based on the use of the 

test circuit shown in figure 1, 

The following notations were used: 

c = difference in coupled power between forward and 
backward directions in the auxiliary line 

d = directivity of the coupler (assumed symmetrical) 

5- Relers'tö the interim report in which the detailed analysis 
may be fo\ind, 
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r1   =  bend voltage reflection coefficient (assumed equal 
in both directions) 

T  = pressure-window voltage reflection coefficient 
(assumed symmetrical) 

r  = coupling-structure voltage reflection coefficient 
3   (assumed symmetrical) 

T  = detector voltage reflection coefficient 

a = voltage reflection coefficient of unknown 

b = voltage reflection coefficient of sliding mismatch 

The maximum relative error for Cases 1 and 2 for 

several special conditions are the quantities of interest. 

First when 

& << 1, b << 1 

for Case 1, 

d + ri "'■ r2 + r4 
maximum relative error =         'l^ 

1 + a 

for Case 2, 
d + r1 

maximum relative error = —r  (2) 

CONFIDENTIAL 

Case 1 of the analysis considered that the detector 

was on the arm of the secondary waveguide which received the 

incident power, and that the sliding mismatch was on the arm 

which received the reflected power.  For Case 2 of the 

analysis, it was considered that the detector was on the arm 

which received the reflected power, and that the sliding 

mismatch was on the arm which received the incident power. 

i 



■ 

f. 
Now consider the where 

CONFIDENTIAL 

a << 1, b - 1 

for Case 1 

naxlaun relative error 
d t- r1 ^ rg ■*■ r4 

1 ♦ a 
(3) 

for Case  P., d + r 

naxinun   relative   error   = 

When 

i + r1 + r2 + r3*r4 

1 + a 
(4) 

a    =    1 ,     b   < <    1 

for Case  1, 

niaxiniura   relative   error   r 

for Case 2, 

i + r,^ + d 

1 ♦ a 

c - r9 - r. 

maxinura relative error = 

When 

i * J r (^ ■»■ r2 -r r4 

1 + a 

a   =   1.   b  =   1 

for Case  1, 

naxinuiB   relative   error 

for  Case  2, 

c + Tj^ + 2r2 + r3 + 2r^ 

i + Tj^ + d 

'     1 + a 

rr.axinun   relative   error   = 

c - r1-^rg - Fg - 2r4 ^ 

I + d + ZPi- 2r2 * r3 + 2r4 

1 + a 

(5) 

(6) 

(?) 

(8) 
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A comparison of all four conditions of  a and b 

shows that the Maximum error is less for Case 2 than for 

Case 1.  In addition, it can easily be shown that the 

probable error is less for Case 2, 

The question arose as to what was the optimum value 

of  b  to minimize the error.  When a im   small, the error is 

smaller for b = 1  than for b << 1; and where  a = 1, the 

error is smaller for b << i  There are several other factors 

which must be considered.  First, for small values of  b  the 

variation of power at the detector is small as the mismatch 

is moved.  This will magnify errors in meter reading and any 

errors due to noise or other random fluctuations.  Second, If 

the values of  a and b  are of the same order, it is Im- 

possible to determine by a single measurement which of these 

values is the larger.  This results in an essential ambiguity 

in the determination of the unknown VSWR, since the function 

of VSWR versus meter indication is double-valued.  All of the 

above considerations suggest that a value of  b = 1 will 

yield the most effective results, 

i4..3 Root-Mean-Square Technique for Classifing Surface 
Roughness (Twelfth Quarterly Report) 

The root-mean-square technique for classifying sur- 

face roughness is applicable to machined surfaces only. Sur- 

faces produced by casting, molding, forging, rolling or some 
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similar tschnicuo cannot be specified by an RMS value.  The 

term RSM is defined as the square root of the sum of the 

squares of n measurements of the heights and depths of the 

surface divided by n.  This definition expressed as an 

equation becomes 

B2 + C
: 

(9) 

The heights and depths of the surface were measured in 

mlcroinches from a mean surface, that is, an imaginary sur- 

face that would occur if the valleys and peaks were averaged 

to zero. 

The RMS value is truly representative of a machined 

surface becausu it gives appropriate emphasis to the peaks 

and valleys comprising the surface.  The actual readings were 

taken with a profilometer which consisted of a stylus that 

ran along the machined surface and was connected to an 

effective-reading voltmeter calibrated to read in mlcroinches 

The waveguide sections actually tested were fabri- 

cated by using a milling tool cutter which was preset to a 

fixed angle.  Ihe roughness of the finish was then varied by 

adjusting the feed rate of the work into the tool.  In this 

manner the depth and spacing of the grooves were varied 
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I4..I4.    Power   Capacity  of  H-Plane   Waveguide  Bend   {Thirteenth 
Quarterly Report) 

In order   to   obtain  an expression for   the  peak-power 

capacity  of   an H-plane  bend as   a function  of   the  radius   of 

curvature,   the  bend  section of   the  waveguide  was  visualized 

as   a radial-line   structure  in which  the   electric-field dis- 

tribution was represented  by a Bessel function.     The partic- 

ular  distribution   then  could be  detarmlned by  considering 

propagation  in   the   transverse  direction   (along  the  radius  of 

the  radial  line)   and  using  standard  techniques   to find  the 

resonant length.     Once   the  particular  half   cycle   of   the 

particular Bessel  function was  determined,   the power  capacity 

Cof   the  bend  could be  related  to  the power-carrying  capacity 
_ 

of rectangular waveguide. For the particular dimensions 

chosen, this resulted in a power-carrying capacity of 97 per- 

cent of standard waveguide. According to the theory, this Is 

the value of power-carrying capacity that is obtained for the 

worst case of zero radius, and, as the radius is Increased, 

the peak-power-carrying capacity will approach 100 percent of 

waveguide  power. 

10 CONFIDENTIAL 
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k*S    Power Capacity of E-Plane Waveguide Bend (Thirteenth 
Quarterly Report) 

An approximate expression for the paak-power capac- 

ity of E-plana bends as a function of the radius was obtained 

by comparing the bend to a coaxial waveguide.  Figure 2 shows 

a sketch of the pertinent dimensions for the E-plane bend. 

The detailed analysis leads to the following expression for 

the peak-power capacity of an E-plax»  bend as a function of 

the radius: 

2 

rower-/-, (E—plane beni) 

R       M 
R-, 

F.2-R1 
IOC (1C) 

expressed as a percentage of the waveguide powur.  A normal- 

ized plot of equation 10 is shown in figure 2. 

This analvsis assumed a constant cross-sectional 

area in the bend and neglected the effect of the discontinui- 

ties at the ends of the bend due to a change of characteris- 

tic impedance. 

[{..6 Effect of VSWR Upon Peak-Power Capacity (Fourteenth 
Quarterly Report) 

1,^1* 

a.     Intro luction 

The   effect  of  V3WR  upon   the  peak-power   capacity  of 

waveguide   transmission  lines  has  been   theoretically  analyzed 
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before,>.     The  purpose   of   this  paragraph  is   to reiterate, 

clarify, ar.d  extend   the   analysis   so  that  the   theoretical  and 

experinentel  results   can be   compared. 

Voltage   standing-wave  ratio   (VSWR)   and  the reflection  coef- 

ficient   (   r   )  may be  defined  as: 

IE, !   *   iEr! 
V3WR  =   U.\   -   !£   I ^ 

where 

Eß   = incident voltage in transmission line 

E = reflected /oltage in transmission line 
r 

r = ~ (12)     i 

By combining equations (11) and (12), the following 

relationships between V3WP. and P  are obtained: 

VSVF. - 1 
VSWR + 1 

(13) 

i ♦ r 
VSWR =  —■ '14) 

i - |rl 

b.  Lossless, Mismatched Line 

The first case considered was that of a single 

mismatch situated in a transmission line.  It was assumed 

«•3ee raf. 1, pp. 169-17C and ref. 81, pp. 30-31 
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that the line was lossless, that tha generator was matchsd 

to the line, and that the mismatch was a pure shunt reactance. 

Using those assvjcptions, the isaxinun power that may be trans- 

mitted was found to be 

Pi«. =  ~ ; 1" (15* 

where 

^, ax = rr.axlr.um transmitted power for lossless, 
mismatched line 

Equation (15) is expressed as a percentage of full 

waveguide power. 

c.  Lossy, Mismatched Line 

The equation for a lossy line can be obtained in a 

similar manner, except that the attenuation of the incident 

and reflected waves as they travel along the transmission 

line must be taken into account.  The attenuation in the line 

will increase over that value for a matched line as a result 

of the presence of the mismatch".  The assumptions for this 

analysis were that the mismatch is a pure shunt reactance and 

that the attenuation is linear with distance.  It was found 

that breakdown will always occur at the point of maximum 

voltage which is closest to the generator. 

-;:-3ee ref. 6l pp. 3C-31 
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The   transr.itted  power  vras  found  to  be 

F. .^   =     100 (16 

(i * in x2)" 

where 

P_ = riaximian  transmitted power  fci* lossy, 
ax       rnismatched  Una, 

ar-f 
i0ij-l  _i_ 

20 

j = distance between generator smd rnlsriatch, in feet« 

pcver lost    ab 
'   power incident  ft 

Equation (15) is expressed as a percentage of full waveguide 

power. 

d.  Lossless, Hisr.atched Cavity 

Iwo mismatches, properly spaced In a transmission 

line to form a resonant cavity, were considered next.  This 

analysis was performed assuming that there were no losses, 

that the mismatch was represented by a pure shunt reactance, 

and that the input V3WR to the cavity was unity. 

The maximum transmitted power for a lossless matched 

cavity in terms of the V3WR of one oi the mismatches was found 

to be 

114. C:UFIB£NIIAL 
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P    . __L_ ICO 
'3r=ax   V3*?. 

(17 ) 

where 

r-   = MudUnqa transrr.ltted power for lossless, 
jmax  matched cavity. 

Equation (1?) is expressed as a percentage of full waveguide 

power, 

e.  Lossy, Mismatched Cavity 

In order to extend this cavity analysis so that it 

can have more practical application, the various losses were 

considered.  Iht, two main losses were due to the attenuation 

in the line and to the mismatch at the input terminals to 

the cavity.  For this case, the attenuation was assumed to 

b= linear with distance and the mismatch was assumed to be 

a pure shunt reactance. 

Ihe maximum transmitted power for a lossy, mis- 

matched cavity was found to be: 

2 

?4=ax " 
f   .   w- 

■'     [fi*»*|ra|)f 

r2 

1  l o 

IOC 1181 

where 

r    =  reflection  coefficient for   total   cavity 
o 
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~P  = relldctioa coefflcidnt of mismatch further from 
the generator 

x = maximum value of the Incident voltage wave after 
having been attenuated in traveling along the line 
a distance   L. 

If 

L  =  distance   between mismatches 

then 

x  = 
log"1      o^lT 

Equation   f16)   is   expressed  as   a  percentage   of   full  waveguide 

power. 

C.   G,   ilentgomery     considered  some   of   the   basic 

properties   of   resonant  cavities   that  us=   an   inductive   iris   as 

the   coupling mechanism.     Ihe  following  equation  is  used  in   this 

report,   and  is  derived for   the   case   of   lossless,  matched, 

iris-coupl<=d,   short-circuited,   waveguide,   resonant   cavity: 

S2 
=   2 
' o ;     C 

(19) 

where 

B     ■ normalized  susceptance   of   the  mismatch, o 

For t3     >>  1,   the   voltage   increase   can be   reduced 

to   the   following  expression: 
I   =  B 

---See   ref,   791   PP.   1^7  and  152-166 

16 

(2C ) 
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A.   Laws en  and R.   Fano"   derivad   the   follov/lng 

expressicr. for   the  loaded  3; of   a  lossless,  matched   cavity 

formed  fcj  two  shunt reactances: 

where 

R 2 
Qr 

25, 
ta; 

a 2 
o 

(2 x I 

r. - number  of half wavelengths in length of cavity 

lWoJ 

i 2 

[\i 

K =  free-space  wavelength 

Xg =  waveguide  wavelength 

»Tien Bo   >>   1,   ehe   Q factor  becomes 

U JO xi (22 ) 

By   combining  equations   (22)   and   (20),   for   the   case   of 

E0    >> 1,   maximum  cavity voltage   was  found   to  be 

nv 40l 
'ij 

(23 ) 

:-3ee   ref.   53,   p.   65^ -   657 
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i*..?     rower   Capacity   of  Rectangular   and  Ridge   Aavsguide 
(Fifteenth  Quarterly Report) 

■he   transmitted  power  in  a  waveguide   can  be 

detcmined  from Poynting's   equation  which  is   seated  as 

follows: 

where 

?_ = 
X 

E = 

H = 

Pf = /B » -: • dA 

transmitted power 

electric field 

magnetic field 

cross-sectional area of the waveguide 

For the dominant mode in a rectangular waveguide, 

H = KE 

and 

where 

dA = b dx 

K = a constant 

b = narrow dimension of waveguide 

x = distance along broad dimension 

The transnitted power for rectangular waveguide 

(FT } can therefore be written as: 
1 

(24 ) 

■ J • 

.li\ 

(27? 
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r n      -   j H      b   dx (271 

If it Is assumed that the sane voltage gradient 

causes breakdown for both the ridge and rectangular waveguide, 

then the ratio of the transmitted power for ridge waveguide 

to that for rectangular waveguide can be formulated, and 

the power capacity of ridge waveguide as a function of the 

known power capacity of rectangular waveguide can be obtained. 

Ihese operations are performed as follows: 

For rectangular waveguide, 

-o ' Eo s1r ~ V0^t3 ?er centiseter (23) 

where 

H0 = peak value of the electric field, in volts per 
centimeter 

a = broad dlnension of waveguide 

If equation (26) is substituted into equation (2/), 

=    v r - v 
-i   -o "o L 8in T" lx 529) i 

Evaluating   this   integral   over   the   limits   shown 

results   in  the  following  expression  for   the   transmitted 

power  in  rectanguler*  waveguide: 

1C OCNFirEKIIAL 
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P. ~ 5 - i 
2       B 1301 

^o obtain the field components for ridge waveguide, 

reference is nade to Cohn'3{12) article on ridge waveguide 

and to figure 3.  Ihe electric field can be divided into two 

sections as follows: 

:o3   8 : ± e i ■?. ■' ?i 

bg cos ^2 

-1 sir, 6. oaint0x*ea-e] (52) 

*2*  S *   <*i**al 

'ollows 

All factors described in figure 3 can be stated as 

El = electric field in region above ridge 

E2 ~ el«ctric field in region between rldse and 
waveguidT side wall 

0  = angular distance along broad dltnenaion 

r2 = a^g^lar distance fron centerline of rir'rrs 
to edge of ridge 

"l = anöui&r distance fron edge of ridge to 
waveguide wall 

t^  = height of waveguide in section with ridge 

b1 = height of waveguide in section without the 
ridge 

• 
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The   cransnitted power  la  ridge  waveguide   (F,-   )   is. 

therefore - 

(351 

cut 

dA (54 ) 

Ko 
IX d$ (35; 

where 

c wavelength  in  free   space  at   the  ridge   wave- 
guide  cutoff  frequency 

Iherefore, 

2 —  /     Kb25: C       ~2 

/w 

COS    y« (r 2 ' 
-^c2 

sinzf#.   ♦ ^^ - f)  ie I z-i 56) 

Integration  of  equation   (36)  yields   the   following: 

c ~   2    i 1    „ 1 
0     12     ■        4 *     S 

1    . 

*- w w       D 

sin   5. 

fi 

i T ^   - - sin   2   ff. 157) 
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Equations   (JO)   ar.d   (37)   represent   the   tranamilted 

power  for rectangular  and  rldg3  waveguide  respectively.     The 

power-carrying  capacity  of   the  ridge  waveguide   as   a  function 

cf   the  power-carrying  of   the   rectangular  waveguide   is   obtained 

by  dividing equation   (37)   by  equation   (30), 

Ii..8     Scaling  Techniques  for   the  Power  Capacity   of  Waveguides 
(Fifteenth  Quarterly Report) 

Scaling  of   the  power  capacity of  waveguide  from 

one   size   to  another  was  performed   in   the   following manner: 

i.ne   continuous-wave  peak-power  capacity  is 

?w   -   ^o2 watts (383 

wnere 

k =  a  constant 

E_  =  p 

ab 

X 

peak  value   of   electric  field,   in  volts   oer 
centimeter 

area  of   a waveguide  having  dimensions   a  and b 

free-space   wavelength 

waveguide  wavelength 

Both   the   voltage   gradient  and   tne   constant  can be 

eliminated  from equation   (35),   since   the   continuous-wave 

->;s ee  ref.   8l,   p  12ij. 
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peak-power   capacity  of  1-lnch  x  1/2-lnch  x   .050-Inch wave- 

guide  has   been maaaured   (refer   to  paragraph 10.Ig). 

Equation   (36)   thon  becomes 

Fw =  4.0  afc  -—aegavatta (39) 

wnere 
p 

4.0 = kEo , as determined from the data obtained 

In 1- x 1/2- x 0.OSO-Inch waveguide size 
using the February 1956 test results (see 
figure 39) 

ab = waveguide area in square Inches 

Investigation in 1- x 1/2- x 0.050-inch waveguide 

has shown that tha power is proportional to the pulse width 

raised to the 1/3 power, over the range from 0.I4. to 2.35 

microseconds (refer to paragraph 9.2),  In the region of 

2.35 microseconds the l/3~power curve levels off, and for 

pulse widths greater than 2,35 microseconds the breakdown 

characteristics are the same as for continuous-wave power. 

In order to extrapolate this information to other frequency 

ranges it was assumed that the ratio of the pulse width to 

the r-f frequency is the major factor that determines the 

value at which the pulse width is so large as to appear as a 

continuous wave.  For a discussion of this assumption refer 

to the fifteenth Interim report. 
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OB   the  basis   of   this   assumption 

-^ -» i-T ■— 

95/3 
2.55 microseconds 40) 

where 

g = threshold pulse width at which the breakdown 
characteristics for pulsed- and continuous- 
wave power are the same 

t  =  frequency of operation. In megacycles 

Once g was found, the scaling factor for the 

desired pulse width was determined by using the l/3-power law, 

The equation for the power capacity now Is 

where 

3 
4.0 ab — IS. r-.egawat ts (41 ) 

r -  pulse   width   (in microseconds)   for  which  the 
power   capacity  Is  desired. 

Ill 
12.35J s   i   ^   i   g 

Since very little information was obtained for 

pulse widths of less than O.I4. microsecond, it was difficult 

to predict what happens to the breakdown characteristics for 

short pulse widths.  However, since the range covered in this 

analysis applies to most practical cases the Information 

contained in equation (i^l) should prove very useful. 
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The  effect of pulse-repetition rate  upon peak-power 

capacity ma  investigated   (see paragraph 9.2)   and  It war 

found   that   the  power   capacity  was  proportional   to   the 

repetition rate  raised   to   the   l/l5 power,   in   the  range  from 

14.00   to  2500  pps.     It  was   assuned   that   the  effect  of  repeti- 

tion rate   is   Independent  of  frequency;   this   is  discussed  In 

the   fifteenth  Interium report.     When   this  factor  was  included 

in  equation   (1+),   the  following  equation  resulted: 

"  4.0  ab -[i .I3 
2 500 1/15 

megawat   s (42 ) 

where 

r  = pulse-repetition rate 

; 

No data was obtained for values of repetition rate 

less than l^CO or greater than 2500 pps.  It is difficult to 

predict what happens to the power capacity when the pulse- 

repetition frequency is reduced to values lower than ij.00, 

but it is likely that the effect becomes smaller above 2500 

pps.  However, the values covered in this report represent 

those generally encountered in practical applications. 

^9 QuartfJly^^o^)^ ^ ^^ Gap 3ectlon ^^eenth 

• 

The swayback was experimentally found to consist of 

two lumped discontinuities,  f^ and  r,, of equal magnitude 
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with an overall reflection coefficient  r   The effective 

breakdown power, in the awayback reduced-height section 

(Peff^ between r^ and  r2 due to the cavity effect in terms 

of the measured power Incident on the test section (P ), was 

calculated to be 

feff " I1 " iTgl2] (VSWR)2 P( (45) 

I4..IO Breakdown-Power Accuracj as a Function of Pressure 

An expression for the error in breakdown power due 

to the error in pressure was required.  Tests have shown that 

the breakdown power for standard waveguide is proportional to 

the square of the absolute pressure.  This may be stated 

mathematically as follows: 

.2 P = Kp' 144) 

where 

P = peak power 

p = absolute pressure 

K = a proportionality constant 

Equation (l|i|) may be differentiated to obtain the 

incremental change in breakdown power, dP, due to an in- 

cremental change in pressure, dp.  Thus, 

dP = 2Kpdp 

26 CONFIDENTIAL 

IMaaMMI <mm 



t CONFIDENTIAL 

Equation (45) is exactly correct only for InfInlteamal change! 

in pov/er and pressure.  However, an approximate expression 

can be derived In terms of measurable quantities, which will 

be sufficiently accurate for the present application. 

To derive this expression let 

AP = 2Kp Ap (46) 

where 

Ap = an Increment of pressure corresponding to the 
error In the pressure measurement 

AP = an Increment of power corresponding to the 
resultant error In breakdown power 

The relative error in peak-power capacity, AP/P, 

as a function of the relative error In pressure, A p/p, was 

obtained by dividing equation (^6) by equation (i+4).  The 

result of this operation expressed as a percentage relative 

error is; 

1 

AP 
= 2 x 100 percent (47) 
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SECTION C 

DETAIL FACTUAL DATA 

t 

5.  INTRODUCTION 

During the past decade much scientific endeavor 

was concentrated upon the production of radar systems to meet 

specific demands.  The consideration of the theoretical and 

practical limitations of the system and Its various compo- 

ents was necessarily set aside because of the urgency of new 

problems.  Today, however, the elfective design of a new 

system demands a greater knowledge of the factors which limit 

the performance of the system.  The range and resolution are 

two important parameters describing system performance. Both 

quantities can be increased by employing higher powers. 

Since the power output of the system is often limited by the 

power carrying capacity of the various components, it was 

appropriate that an investigation of high-power breakdown of 

waveguide components be conducted. 

The first experimental investigation of microwave 

breakdown. ^'  was performed at the Radiation Laboratory at 

M.I.T. and was reported in 19k.S,     Pulsed power was used, and 

the purpose of the tests was to determine the variation of 

breakdown power with such parameters as pressure, gap width. 

• 
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repetition rate, pulse width, and humidity.  Radioactive 

cobalt was employed to produce initial ionization in the 

breakdown gap, which consisted of a waveguide section of 

reduced height.  Ihis irradiation produced repeatable results 

as compared to measurements made without irradiation.  The 

process, however, resulted in significantly lower breakdown 

powers.  This difference, coupled with the fact that measure- 

ments were made on sections of reduced height, casts con- 

siderable doubt upon the results which extrapolate the data 

to determine the breakdown power of the full waveguide. 

Another report (10) from the Radiation Laboratory 

of M.I.T. in 1914-6 presented the results of breakdown tests ft 

on various waveguide components.  The report represents a 

compilation of individual tests by many different persons over 

a period of a few years.  Since it is unlikely that the various 

experimenters used a consistent technique and since the data 

differed in many cases, the results presented in this report 

cannot be taken as conclusive. 

For this reason more Intensive investigations, both 

theoretical and expwlai&atal, were initiated by a number of 

workers.  Margenau»s studies ^0,71,72) are valuable for 

discharges in the range of gas pressure above 100 mm of 

mercury, Holstein's theory (^2) applies to discharge vessels 
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which were  large   compared   to  the  mean  free  path of   the 

electron,   and Brown's   ;/ork   (38,39,40,67,68)  wa3 malnly  ln 

the region of pressures between 1  and  100 mm of mercury.     In 

addition  to  these men,   important  theoretical  work was per- 

formed  by MacDonald,   (6.67,68)  Blondl)   (k)   Hale>   (35)   Her31n< 

(38,39,^0)   . _      (72) 
and Hartman "   ',     While these theories were being 

developed, more carefully controlled experiments were being 

conducted.  These tests, performed by Cooper, (:L^'89) Gill 

and VonEngel. (3^ Hale. ^^  Herlire and Brown, (3Ö'39) | 

MacDonald and Brown, (67,68) pim) (83.8^) and prowge) (89) 1 

served to verify many of the theoretical predictions.  In 

this manner a consistent foundation was formed upon which a 

0 thorough knowledge of microwave breakdown can be built. \ 

6.  THEORIES OF BREAKDOWN 

6.1 Direct-Current Breakdown 

All modern theories of breakdown are based upon an 

approach first formulated by Townsend in 1902.  This theory, 

which describes breakdown under the action of a d-c field, is 

based upon the physical concept of the breakdown process that 

a free electron is created at some point in the gap between 

the anode and cathode.  This can occur because of cosmic 

radiation, external irradiation of the gap with ultraviolet 

light or a radioactive material, or by photoelectric emission 
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from the cathode.  The electron then proceeds towards the 

anode under the influence of the electric field.  During the 

course of its flight the electron will collide with a number 

of neutral gas molecules.  In general these collisions are 

elastic and have little effect upon the electron energy so 

that the energy continues to increase to such a value that a 

collision with a neutral gas molecule produces a positive ion 

and a new free electron.  The two electrons then proceed to 

repeat the procoss and aeon an electron avalanche is formed. 

The number of new electrons (dn) created per unit time in a 

distance (dx) in the field direction is proportional to n, 

the number of electrons per unit time crossing a plane 

parallel to the electrodes and a distance (x) from the 

cathode.  That is 

dn = n dx 

where  is a proportionality factor called the first Townsend 

coefficient.  If n and dx are unity, then dn ■  , and it is 

seen that  represents the number of new electrons created by 

a single electron in traveling a unit distance in the field 

direction. 

Townsend also recognized the necessity of intro- 

ducing a second constant,  , to explain the available exper- 

imental data.  This constant is believed ^60^ to represent 
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the number of secondary electrons liberated from the cathode 

per positive ion incident on tho cathode.  Integration of 

equation (1(8) yields Townsend's equation for the current, 1, 

across a ge.p, d.  Given an initial current, 1 
o 

1 0 ( a - /? ) e l a - ^ ' d 
i = . _  (49) 

, ( a - /3) d 
a - ßi 

Now if 
0   (a - /S) d a   =   ße (50) 

the current, i, becomes infinite.  Equation (50) is usually 

simplified by employing the experimentally determined fact 

that a is much greater than ß,   in which case equation (50) 

reduces to 

—   ead = 1 (51) 
a 

Townsend Interpreted this condition of infinite current as 

representing the Initiation of a spark, and the corresponding 

voltage between electrodes was taken as the sparking po entlal. 

Today, certain aspects of Townsend's analysis have 

been abandoned, and others have been modified.  Loeb ^6Cl^ has 

established the following three criteria for sparking:  (a) a 

conducting path must have formed completely bridging the gap, 

(b) and efficient source of secondary emission must be pro- 

vided at the cathode, and (c) under these conditions the 
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conductivity produced must be aufficient to at least dis- 

charge tha electrodes.  On this basis, Loeb stated that 

Townsand's single sparking criterion was not sufficient to 

determine the sparking potential in many cases.  In addition, 

data obtained by White (106' and Roether ^96^ showed that 

the time required for a spark formation by the Townsend 

mechanism was much greater than that experimentally observed. 

This resulted in the development of the streamer theory of 

sparking by Roether,i96) Meek, (73^ and Loeb ^64,78)^  1;hlg 

theory postulates that it is not necessary that any electron 

cross the entire gap.  To explain the observed short time 

lags, the suggestion was advanced that breakdown occured due 

ft to a succession of electron avalanches along a breakdown 

path, the distance of travel in each one being short. 

To comprehend the physical process, assume the 

potential to be raised to a value above that necessary to 

allow a spark to pass, and consider an electron or negative 

ion to appear near the center of the gap.  This electron 

will start an avalanche as it proceeds toward the anode, 

leaving In its wake a cloud of slow-moving positive ions. 

Most of the ions will be bunched in a fairly dense group two 

or three ionizing paths long.  The electrons will be moving 

towards the anode in a spatially-larger cloud as a result of 

diffusion,,  The rear of the electron cloud will be held back 
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f by the positive-ion space charge while the advance region 

will be drawn towards the anode.  The result is a wedge-shaped 

positive-ion charge with the axis parallel to the electric 

field.  The charge causes a resultant field which differes 

from the applied field; therefore, increased potential gra- 

dients are created in the region of positive space charge. 

The increased gradient further accelerates the electrons, and 

in the ensuing ionizing collisions many photons are created. 

These are radiated inall directions and some will ionize in 

the gas.  Since the photons travel with the speed of light, 

electrons are produced almost simultaneously in the gap.  Most 

of these electrons will be located near the axis of the 

ft original avalanche, and thus new avalanches are produced in i 

increasing number along the region of axial field distortion. 

The leading electrons of each avalanche will be drawn towards 

the positive space charge of the next avalanche, and a con- 

tinuous stream of electrons will be formed and breakdown is 

accomplished. 

The streamer theory has been partially verified by 

Roether's     photographs of developed streamers in a Wilson 

cloud chamber, as well as by the experiments of Hasel tine ^^. 

However, there is no consistent set of data on sparking poten- 

tials in mercury-free dry air with varying pressure and 

S 
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constant gap,  and vice versa,   over  a sufficient range   of 

pressure  and gap-length values   to permit a  test of   the 

theory. 

6.2    Alternating-Current Breakdown 

S 

The lack of significant data on breakdown for 

alternating current is much more acute than for direct cur- 

rent.  Since this is so, a number of theories exist, some of 

which are partially verified by the available data.  In 

addition, because the frequency is variable, a greater number 

of domains exist wherein the physical representations of 

breakdown lead to different initial assumptions and hence to 

different conclusions.  For this reason, theories have been 

developed which apply to such particular conditions of 

breakdown as, (a) pressure is below 10 mm of mercury (b) gap 

is long compared with wavelength  (c) gap is short compared 

with wavelength (d) applied frequency is comparable to the 

collision frequency, and others.  These theories are not 

necessarily mutually exclusive.  A consistent presentation of 

alternating-current breakdown phenomena will be made through 

a discussion of the more important theories. 

S 

Alternating-current breakdown may be considered as 

representing the general breakdown condition, in which case 

the previously described theories of direct-current breakdown 
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are particular solutions of the general problem.  The unique 

aspect of direct-current breakdown is that the electrons and 

irons created in the gap, all eventually reach one of the 

electrodes due to the steady vini-directional force existing 

in the gap.  For alternating-current, on the other hand, it= 

is possible that the movement of ions and electrons, even in 

high fields, may be too limited for their removal to the 

electrodes to constitute an important factor in breakdown. 

Since the removal is dependent upon the relationship between 

the applied frequency, the gap length, and the gas pressure, 

the several transition regions must be discussed in terms of 

these parameters. 

At power frequencies the field strength is such 

that both the ions and electrons can be removed from the gap 

within a half-cycle of the applied power.  For this reason 

the breakdown is similar to direct-current breakdown, and 

each peak may be regarded as an individual test of breakdown. 

This condition has been experimentally checked by Ekstrand{22). 

The tests showed that for gap lengths of less than 0.1 inch in 

air at atmospheric pressure, the spark-ovar potential was very 

nearly the same at 700 kc as at 60 cps.  In addition, Reukema 
{93) 

found that for a gap of 2.5 cm the breakdown potential 

was constant up to 20 kc in air at atmospheric pressure. * 
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As the frequency la increased, a value Is reached 

at which seme of the slow-moving positive ions cannot reach 

the negative electrode and are forced to oscillate in the 

gap.  Actually, no one positive ion will permanently oscillate 

in the gap, because all ions will have a resultant drift 

motion to either one or the other electrode (depending upon 

the phase of the field when the electron was created).  What 

actually occurs is that the ions are moving more slowly since 

they are being alternately accelerated and decelerated (and 

usually reversed in direction during a part of the cycle.) 

Thus, the ions take a longer time to cross the gap.  This 

fact, coupled with the fact that there are ions moving in 

J both directions, gives the effect of having an ion cloud 

oscillating in the gap.  These ions affect breakdown in two 

ways:  first, they cause a non-uniformity of the field in the 

gap, which in some regions therefore exceed the nominal value 

as calculated from the geometry of the electrodes; and second, 

they are available to stimulate additional production of 

electrons in the gap; for example, by photo-ionization as a 

result of recombination processes.  Thus, a lowering of 

breakdown power is predicted in the range of frequencies 

where the ions cannot be removed from the gap.  Reukema found 

for the gaps used that there was a progressive lowering of the 
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sparking potential with increasing frequency from about 20 kc 

to 60 kc. Ekatrand's data showed that Increasing the gap 

length lowered the breakdown power at 700 kc as compared with 

that at 60 ops. 

The experiments of Reukema and Ekstrand qualita- 

tively substantiate the theory that the breakdown power is 

lowered by the inability of positive ions to cross the gap 

in one-half cycle of applied voltage.  This theory is further 

verified by an approximate quantitative analysis offered by 

Prowse    .  A comparison of the ionic mobility calculated 

by Prowse to the breakdown data of Lassen (^6) indicates that 

the calculated value is very nearly equal to the mobility I 

which will just allow the ion to cross the gap in one-half 

cycle,  Lassen's data covers the frequency range from 7/4.3 kc 

to 2.U5 mc and gap widths from .05 to 0.5 cm in air at 

atmospheric pressure so that a good check on the theory is 

obtained, 

Above the critical range of frequencies, where some 

positive ions cannot cross the gap, the breakdown potential is 

constant until the next transition region is reached, ^Ö7^ at 

which value the electrons cannot all cross the gap.  At this 

frequency the number of electrons in the gap will Increase | 

and, since there is a statistical spread of electron velocities, 
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the number of electrons of Ionising velocity la Increased, 

On thla basis It Is predicted that the breakdown potential 

will decrease when the electrons cannot cross the gap In 

one-half cycle of applied frequency. 

Experiments made by Gill and Donaldson ^^ clearly 

exhibit this effect.  In these tests the pressure was varied 

for several values of frequency and a decrease in breakdown 

power was noted where the calculated values of electron 

velocity allowed a travel distance equal to the gap length In 

one-half cycle.  Since the calculated values also agreed with 

previously known values, the check on theory was complete. 

Additional verification was supplied by the experimental work 

of G. and H. Gutton (3^) and by Chenot ^. 

Above the transition range where some electrons 

cannot cross the gap, the breakdown potential is again in- 

dependent of frequency ( 7).  For the range of pressure and 

gap length found in practice this region Includes the micro- 

wave frequencies, because at these frequencies the amplitude 

of electron movement in air Just breaking down is probably of 

the order of 1.5 x lO"3 cm (87) at atmospheric pressure.  The 

various theoretical analyses of microwave breakdown may be 

differentiated accorcllng to the method of removing the 

electrons from the gap.  There are available three possible 
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removal mechanisms:  (a)  diffusion to the walls of the vessel, 

(b) recombination with positive Ions, and (c) attachment to 

captor molecules.  The particular process of electron removal 

which determines breakdown depends upon the parameters of fre- 

quency, gap length, gas pressure, and the structural nature 

of the gas. 

Brown, MacDonald, and Herlin (6'38) have developed 

a theory which applies when the following conditions exist: 

(a) the gap length is small compared with the wavelength of 

the applied oscillations, (b) the mean free path of the 

electron is not comparable with the dimensions of the vessel, 

and (c) the oscillation amplitude of the electron is less j 

than the electrode separation.  Condition (c) implies the 

non-removal of electrons from the gap by the applied field, 

and conditions (a) and (b) make diffusion the dominant re- 

moval process.  The breakdown criterion established is that 

the removal of electrons by diffusion must be equal to the 

release of electrons by collision.  Herlin and Brown experi- 

mentally verified the theory for parallel-plate electrodes(38) 

containing air at pressures between 0.1 and 10 mm of mercury, 

and for a coaxial cavity {39) containing air at pressures 

between 1 and 100 mm of mercury, both at 3,000 mc.  In 

addition, MacDonald and Brcwn (67) have shown excellent 
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experimental agreement with the theory for breakdown in a 

cylindrical cavity containing helium at pressures between 1 

and 100 mm of mercury at a frequency of 3,000 mc. 

Holstein ^  has proposed a theory for the energy 

distribution of electrons under the following conditions: 

(a) the electron energy is such that most electron-molecule 

collisions are elastic; (b) the dimensions of discharge region 

are large compared with the mean free path of the electron] 

(c) the total number of electrons, ions, and excited molecules 

is small compared with the number of normal molecules; and 

(d) the frequency of the electric field is greater than some 

minimum value determined by the pressure, type of gas, and „ 

dimensions of discharge region.  This theory states that the 

energy distribution of electrons subject to a high-frequency 

field is similar to that of electrons in a steady field equal 

in magnitude to the r.m.s. value of the high-frequency field. 

The same conclusion reached by Townsend, (101) and Townsend 

and Gill,      states that it is valid for monatomic gases 

at a pressure of the order of 10 mm and for diatomic gases at 

aoout 1.0 mm, both in a tube of i|.-cra diameter.  On this basis, 

Holstein formulated a theory for high-frequency breakdown in a 

non-attaching gas (^1),  A consideration of the restrictions 

shows that diffusion is the dominant removal process so that 

the breakdown criterion is the same as that of Herlin and Brown, 
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the rate of lonization by collision is balanced by the loss 

due to diffusion.  This theory was exparimentally checked by 

Kraslkj Aipert, and McCoubrey *^*"' for the breakdown of a 

cavity containing argon at pressures between 3 and 100 mm, a 

gap length of 0.223 Inch, and at a frequency of 3,000 mc. 

Margenau and Hartman have written a series of papers 
(72) 

wherein the electron distribution fxinctions are calcu- 

lated and a theory of high-frequency breakdown is proposed. 

In this development, the assumptions are made that the pressure 

is low, the frequency of the applied field is of the order of 

the collision frequency of the electrons, the gas has an 

infinite volume, and negative ions are not formed.  Under 

these conditions, volume recombination is the only electron 

removal mechanism.  The calculations show that at a certain 

field strength the density of electrons increases rapidly and 

this value is taken as the breakdown potential.  The theory 

is applied to breakdown in helium and neon because only these 

two, among the rare gases, justify the approximation of con- 

stant mean free path.  For pressures below 1.0 mm, and for an 

applied field of frequency at 3,000 mc, it was calculated that 

neon would break down at 5 volts per cm, and that heliur- would 

break down at 13 volts per cm.  Qualitative verification of 

these values is supplied by experiments performed at M.I.T. 

which showed that for discharge in a vessel below a pressure 
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of 1,0 mm, the critical field for neon was 9 volts per cm, and 

for helium was 19 volts per cm.  The vessel used In the ex- 

periments was small and the condition of infinite volume was 

not fulfilled.  Therefore, the role of diffusion as an electron 

removal mechanism was not negligible since the effect of the 

added removal of electrons is to increase the breakdown power 

so that the observed difference Is in the proper direction. 

The theory was quite well verified, 

(35) 
Hale  ^  proposed a theory of high-frequency break- 

down which Is basically different from those already mentioned. 

His theory assumes that the electron must reach ionizing 

energy at the end of one mean free path for breakdown to 

occur.  The theoretical results obtained are in agreement with 

those of Margenau in the range where the applied frequency is 

comparable with the collision frequency; however, in contrast 

to Margenau, Hale did not restrict his analysis to this region. 

Hale verified his theory by showing that good agreement was 

obtained with experimental results of breakdown test using 

argon and xenon at pressures between 20 and ^9 microns, gap 

separations of 5 and 10 cm; and frequencies between 5 and 50 

mc.  Since these parameters are so related that the applied 

frequency is between one and ten times the collision frequency, 

it cannot be said that Kale's theory has been proven valid 
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outside the region of applicability of Margenau's theory, and 

therefore the apparent contradiction may not actually exist. 

All of the aforementioned theories apply to dis- 

charges wherein the energy is applied in a continuous 

fashion.  In many microwave applications, however, pulsed 

power is employed because higher levels may be obtained in 

this manner.  Breakdown under pulsed conditions differs  from 

c-w breakdown because of the additional condition that the 

breakdown must occur within a given amount of time, since 

the electrons will be accelerated only during the pulse ' 

length  An analysis of pulsed-power breakdown was made by 
Labrum     using an approach ^^ to ^ ^ ^ ^^ 

for the direct.current discharge.  Labrum assumed an ex- 

ponential increase of ionization with time during the pulse. 

He writes that if No electrons were present at the beginning 

of the pulse, the number N, present at the end of time t 
could be written ' 

(G - L)t V 
whore G = **£**£  ion-pairs produced by one electron in 

^ L = ^iTJSa0' eleCtr0nS *'*****  ^ch disappears !„ 

(52 

1 

•*■ 

The requirement for breakdown is that at least N 

electrons be present in the gap, thus d 

1    Nd 
(G - L) > ~ log -^- 

T     No 53) 
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-1 G ="T"l0ß IT (54) 

The value of G is  determined from the expression for the 

average energy gained per mean free path given by Townsend 

and Gill,    "  arid by assuming that the electron gains this 

energy In equal Increments until It Is capable of lonlzatlon. 

Using this approach, the breakdown field, X , Is given by(87) 

4V   W2 +JLv2 .. 
a s 2li    3    1 .  Nd X.- > 

e      V      T "• N  '-log—- (55) 
o 
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where 1 = pulse length. 

The logarithmic form Indicates that, provided NJ Is 
d 

large, no great precision Is needed In its specification.  A 

likely value for N  Is 1013(87). Q  ls of the same nature as 

Townsend«a  and can be expected to vary in the same manner 

with the applied field.  In a non-attaching gas, where 

diffusion is the chief agent of electron removal, L Is small 

and it is assumed that no removal of electrons occurs during 

the first few microseconds.  Thus, for pulse durationc less 

than a few microseconds.  Thus, for pulse durations less than 

a few microseconds the breakdown potential is a function of 

the pulse length.  The breakdown potential is then governed 

by the relation 

I 
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where V.   =  ionlzation potential of the gas 

V = collision frequency 

W = applied frequency. 

A different approach to pulsed-power breakdown has 

been adopted by Lathrop and Brown p,,
^     The analysis pro- 

posed that for breakdown to occur, the rate of electron pro- 

duction must be greater than the rate of electron diffusion. 

Under these conditions, the electron density first will 

increase slowly (where free diffusion is the controlling 

factor), and then more rapidly as a positive-ion space charge, 

which inhibits the diffusion of electrons, is built up. 

Since the electron density will increase rapidly one the 

space charge has formed, the formation of an appreciable 

space charge is taken as the criterion for breakdown.  The 

Labrum has performed experiments on both air and 

neon at 10,000 mc and has shown that the breakdown potential 

decreases for an increase of either pulse duration or repe- 

tition rate as predicted by theory.  These tests were made at 

pressures between 1 and 30 mm of mercury, pulse lengths of 1 

and 2 microseconds, and repetition rates between 69 and 600 

pulses per second.  The data also provides qualitative 

agraement with theory in fha  respect that a minimum breakdown 

potential was observed as the pressure was varied. 
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electron density was assumed to Increase exponentially with 

time, in agreement with Labrum's assumption, and the co- 

efficient was taken as the solution of the diffusion equation 

involving the diffusion coefficient for the gas, the diffusion 

length, and the average ionization rate.  On this basis the 

breakdown potential was calculated for hydrogen in a cavity 

of 0.1-cm gap, at pressures between 2 and 32 mm of mercury, 

and for pulse lengths between 1 and 60 microseconds.  The 

results agree very well with the data obtained for breakdown 

under these conditions.  The experimental results also showed 

that the breakdown potential was almost independent of the 

pulse length for values greater than 10 microseconds, which 

^ confirms Labrum's assumption, | 
■ -: 

iT* 

Lathrop's data also shows a minimum potential at a 

pressure between 5 and 10 mm of mercury which is close to the 

value of I4. mm of mercury observed by Labrum for breakdown in 

air.  Lathrop also observed that breakdown during any pulse 

was unaffected by the other pulses at repetition rates below 

80 cps, which is the region wherein the data was taken.  At 

higher repetition rates it is shown theoretically that the 

electrons cannot all diffuse in the time between pulses so 

that this theory would have to be modified if higher repe- 

tition rates were to be considered, I 
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Pulsed-powar broakdown tests were also made by 

Posln/'8^66^ copper, (^^ Clarke/10^ and ProwSe
(89).  Posin 

measured breakdown of air at 3,000 mc, 10,000 >ac,   and 2i|.,000 

mc.  He found that the breakdown potential was unchanged as 

the pulse length was Increased beyond five microseconds, and 

that an increase of repetition rate from 200 to 500 pulses 

per second lowered the breakdown voltage by 15 percent. 

Posin also found that the breakdown voltage was not propor- 

tional to the pressure, and he showed theoretically that at 

low pressure V = Hp1/^), at intermediate pressures 

V = f(p2/3),   and at high pressures V = f(p). 

| 
*» Cooper's measurements were made on air at 3,000 mc 

? 

and  10,000 mc using 1-microsecond pulses  applied i^OO  times 

per   second.     These  results   show  that  the  breakdown  voltage 

is   a  linear function  of  pressure   times  gap  length for  gap 

length of  0,ll|4 and 0.32  cm,  and over  the pressure  range  of 

20   to  760 mm  of  mercury.     Clarke's  paper present  the  results 

of  breakdown measurements  made   on a number   of  waveguide 

components. 

Prowse  found   that   the  breakdown voltage for air  at 

9600 mc  is   the  same for  one pulse  as for pulses repeated i^OO 

times  a  second,  for  a pulse  length of 1 microsecond.     He  also 

noticed  during  the  ^OO-cps   test   that  the  discharges  occured 
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in bursts because a discharge in one pulse often precipitated 

a discharge in the following pulse. 

6.3 Expenlmental Data 

a.  Criterion of Breakdown 

To begin with, it is important to have a standard 

definition or criterion of breakdown.  Loeb defined^60' a 

d-c spark as "an unstable and discontinuous occurrence mark- 

ing the transition from one more or less stable condition of 

current between electrodes in a gas to another one."  He 

further states that the transition process may start but 

fall short of achievement because of circuit conditions, in 

which case only the spark appears.  Both this condition and 

the one wherein glow follows the spark have been experi- 

mentally observed in microwave breakdown, and these effects 

have been used by experimenters as indications of breakdown. 

The interpretation of the information is by no means stand- 

ardized.  Many workers either do not define breakdown or 

merely state that a "spark passed."  One group   ^ is more 

meticulous, however, and considers breakdown to have occurred 

when the sparks pass more often than once every two minutes. 

Several experimenters^ ''' 9'110' extend this idea +0   the 

point of plotting a curve of sparking probability to determine 

breakdown.  The results of these latter tests indicate that 

#* 

* 
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single sparks can pass at elgnifIcantly different potentials; 

this Is substantiated by the contradictory results of many 

of the experimenters. 

In addition to this lack of agreement concerning a 

criterion of breakdown, the effect that irradiation has on 

the breakdown gap is also disputed.  The use of such irra- 

dlators as ultraviolet light, radioactive material, and an 

auxiliary spark gap have variously been reported as either 

lowering the breakdown potential or as having no effect. 

Part of this disagreement is obviously caused by the lack of 

a standard definition of breakdown, while the rest is due to 

experimental variations resulting from the experimental 

apparatus, procedure, and technique.  Consequently, in order 

to appraise the existing experimental information properly, 

it is first necessary to define breakdown and then to Invest- 

igate the methods of experimentally determining this quantity. 

As previously stated, the accepted concept of high- 

power breakdown is based upon the bridging of the gap by an 

electron avalanche initiated by a single electron.  The 

various theories do not consider either the manner in which 

this electron is liberated or the time required for liberation. 

The only stipulation made for breakdown is that the electron        * 

appear at such a position in the gap and at such a phase of 
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the r-f cycle that it will be accelerated to form an ava- 

lanche.  Actually, when the electron appears, it will have 

some initial velocity so that this factor, together with its 

position and relative phase, determines the minimum potential 

required for breakdown.  Since these factors are all sta- 

tistical in nature, no absolute minimum can exist.  Although, 

theoretically speaking, a breakdown potential can always be 

found which is lower than any previous breakdown potential, 

in practice it Is usually unnecessary to wait too long be- 

cause the high frequency creates many opportunities for 

breakdown, and because the relative insensltivity of the 

measurement apparatus makes it impossible to differentiate 

between many of the breakdown potentials.  The actual time 

required for any measurement is best determined by a direct 

test. 

Since the initial velocity, position, and  relative 

phase of the electron are all statistical quantities, it is 

natural to adopt an approach to breakdown based upon a prob- 

ability concept.  This approach was used successfully by 

Wilson     in 1936 to determine d-c breakdown, and later by 

Cooper    as well as Prowse and Cooper,   ' to determine 

microwave breakdown potentials.  This procedure Involved 

counting the number of sparks, dividing this value by the 

number of applied pulses to obtain the sparking probability. 
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and then plotting a curve of sparking probability versus 
,  ^     T     . (60,62,63) 

potential»  This method was also recommended by Loeb 

who at one polnt(60) states that the actual value of prob- 

ability to be used as the criterion of breakdown is arbitrary, 

and at another point(62) suggests that the value of maximum 

slope be used.  The sparking potential chosen by Wilson is the 

value at which the sparking probability is one-half, while 

Prowse and Cooper use the value where the probability is 

virtually zero.  Actually, none of these criteria can be used 

as basically superior to the others since the procedure to be 

used for any particular test must be determined from a con- 

sideration of the purpose of the test.  In some cases it may 

be impossible to allow even one spark to pass, while in other 

applications the accompanying increase in power may justify 

the allowance of occasional sparks.  In any event, the plott- 

ing of a curve of sparking probability will lead to the most 

complete and most effective presentation of the experimental 

data. 

It is obvious that the waiting period can be re- 

duced and the precision of measurement can be increased, if 

more electrons are created in the gap.  This may be accom- 

plished by irradiating the gap with ultra-violet light or by 

employing either a radioactive substance or an auxiliary 

spark.  In this manner, a tremendous increase in the number 

I 
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of available eluctrcuis can be achieved.  One source'' estimates 

that the irradiation of the gap with 3,2 millicuries of radio- 

active cobalt produced 107 ion pairs per second per cubic 

centimeter, whereas the natural processes of cosmic radiation 

and normal radioactivity would produce only two pairs per 
(36) 

minute per cubic centimeter.  In addition, another source 

status that the photo-emission from a surface is proportional 

to the Illumination, and that the value can be increased by 

properly finishing the surface. 

Theoretically, the use of external irradiation 

should lower the breakdown power because, in addition to 

allowing a greater number of breakdown trials to be observed, I 

the irradiation causes higher electron velocities which result 

in a lowering of breakdown potential.  The detection of this 

effect is primarily dependent upon the amount of irradiation 

employed.  In many actual cases the effect may be undetectable 

with the instruments used.  Thus, for a particular set of test 

conditions and a given radiation intensity, experimental con- 

sideration must be given to whether or not the use of external 

irradiation lowers the breakdown power.  For example, experi- 

ments were performed during this program on the effect of a 

1 millicurie cobalt^  ' source on the breakdown power.  It was 

found that there was no detectable effect within the measure- 

ment accuracy. 

': 
See ref. 67J page 227. 
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b.  Presentation of Existing Data 

Although a number of experiments have been conducted 

on high-power breakdown, those involving pulsed microwave power 

have been relatively few.  Ihese, however, are of the greatest 

interest to this investigation and will be reviewed first. 

One of the more significant works on pulsed micro- 

wave breakdown was performed by Cooper*1^.  Tests were con- 

ducted in coaxial line at 2600 mc and in waveguide at 9800 mc. 

In each case the power was applied in 1-microsecond pulses 

400 times per second, and breakdown was caused to occur in a 

section of reduced gap length.  rIhe experimental technique 

involved observing the number of sparks occuring during a 

10-minute interval for several different power levels, and the 

plotting of a sparking probability curve.  This was performed 

both for the condition of no external irradiation and for 

external irradiation with 0.2 milligrams of radium.  As pre- 

dicted, the effect of the irradiation upon the minimum 

observable sparking potential was not detectable, although 

the irradiation greatly increased the sparking probability. 

Tests made with different values of standing wave 

ratios indicated that with other conditions unchanged (maximum 

gradient constant) an increase of standing wave ratio caused a 

decrease in sparking probability.  In all of the tests, the 
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peak power was determined from measurements of the average 

power, the pulse repetition frequency, and the pulse width. 

The eparkc were detected by visual observation through a hole 

placed in a bend of the transmission line, and the standing 

wave ratio was measured using a specially constructed slotted 

line.  The data showed that the electric-field strength re- 

quired for breakdown at zero probability (onset stress) was 

about 28 kv per cm at atmospheric pressure.  Additional tests 

in both waveguide and coaxial line showed that for a single gap 

length and pressures between 50 ram of mercury and atmospheric, 

the onset stress was a linear function of the pressure»  The 

use of several different waveguide gaps also showed that the 

onset stress was a linear function of the product of pressure 

and gap length, and that these points are co-linear with those 

for a single gap length with varying pressure, within experi- 

mental error.  Cooper estimated the probable error in the 

onset electric field to be ±5 percent. 

Prowse and Cooper   ' made further tests on a cavity 

resonator at 9800 mc, with the pulse width again 1 microsecond 

and the repetition frequency I4.OO times per second.  The spark 

gap in thses tests was irradiated with ultraviolet light from 

an auxiliary spark gap applied immediately before the r-f pulse. 

The irradiation increased the sparking probability but did not 

change the onset stress.  As an added point of interest, men- 

tion is made of the fact that the discharges occurred in bursts. 
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Lathrop and Brown^' performed breakdown experi- 

ments at 2800 mc on a cavity containing hydrogen.  The pulse 

width was varied between 1 and 50 microseconds for pressures 

between 2 and 32 mm of mercury.  A radioactive source sup- 

plied initial ionlzation and breakdown was observed as a 

decrease in transmitted power.  The r: suits showed that the 

breakdown field was relatively constant for pulse widths 

greater than about 7 microseconds, while for pulce widths be- 

low this value the breakdown field rose sharply so that it 

was about 20 percent higher at 1 microsecond.  No mention Is 

made of the repetition rate used, except for the statement 

that it was observed for repetition rates below 00 cps and 

that there was no effect between successive pulses.  The 

pulse width was measured on an A/R scope equipped with a 

crystal-controlled calibration circuit: the estimated error 

was ±0.5 microsecond.   The power was measured with a direc- 

tional coupler and thermistor bridge, and the estimated error 

was ±10 percent. 

Breakdown experiments Involving variations of the 

pulse width, repetition rates, pressure, and gap length on a 

section of reduced height waveguide at 3000, 10,000,and 

214-,000 mc are reported by Posln^   .  A capsule containing 

radioactive cobalt of 3.2 millicuries intensity was placed on 

the outside of the waveguide above the breakdown gap to 
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achieve i-epeatable results, and the breakdown power was taken 

as tfeat value at which a spark first packed.  The results 

show that irradiation lowered the breakdown power in every 

instance, the decrease in many cases being $0  percent.  An 

increase in gap length from .006 inch to .059 inch also 

lowered the breakdown field strength.  Tests with the pressure 

varying between 20 and 760 mm of mercury showed that without 

irradiation, the variation of breakdown power was linear, 

while with irradiation, the variation was parabolic.  Addi- 

tional data showed that at atmospheric pressure and at repe- 

tition rates between 0 and 2000 pps, the breakdown power 

increased as the pulse width was made shorter than about ^ 

microseconds.  The effect became more marked as the repetition 

rate was lowered.  An increase of repetition rate from 300 to 

2000 pps was found to lower the breakdown power in a fairly 

uniform manner.  In these tests, the spark was usually deter- 

mined either by sound or by visual observation through a 

terminating horn.  The power was measured using a directional 

coupler and thermistor bridge calibrated against a water load. 

Ihe repetition rate was determined by comparing the trigger 

voltage with a calibrated audio oscillator.  The pulse width 

was found by displaying the current pulse on a synchroscope. 

The accuracy of the results la not estimated. 
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Much of the material presented by Posin was ob- 

tained from work performed at M.I.T,  5).  In addition to the 

Information already given, this work Involved tests with 

humidity and surface roughness.  A series of tests failed to 

show any significant dlfferonce of breakdown power between 

air at 10 percent relative humidity and air at 60 percent 

relative humidity.  Tests with brass filings between .002 inch 

and .005 inch diameter, in .OI4.O-inch-high waveguide, however, 

showed that the presence of the filings caused a reduction in 

breakdown power of 65 percent.  Upon the removal of the 

filings, the breakdown power returned to its original value. 

In the report the experimental error is estimated to be be- 

tween -6.5 percent and +10.6 percent in the worst case and 

between -3.3 percent and +3.6 percent in the best case, 

3one excellent work on the breakdown of a parallel- 

plane gap under the application of c-w power has been per- 

formed by Plm^ -*' *+',  Tests were conducted In the frequency 

range from 100 to 300 mc, with the gap length varied between 

.05 mm and 1.0 mm and the pressure varied between 25 and 

1000 mm of mercury.  The results show that there was a critical 

gap width which is dependent primarily on the frequency of the 

applied electric field, and that a sudden decrease to a con- 

stant value in the electric stress produced breakdown.  This 

constant for atmospheric pressure is 29kv per cm.  The critical 
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of 5 percent in electric field and less than 1 percent in 

pressure.  Similar results obtained by Herlln and Brown 

were compared to show that for air, the breakdown power is 
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gap width will also decrease slightly with a decrease in 

pressure. External irradiation in the form of meaothorium 

was applied and repeatability of tl/k  percent was obtained. 

Breakdown was daterüiined by visual observation through a hole 

cut in the test piece.  The voltage was measured with a dielec- 

tric voltmeter employing a distrene vane calibrated at 50 cps. 

The estimated accuracy of the observed voltages is ±3t0 

percent. 

Experiments on the c-w breakdown of a cavity con- 

taining helium at pressures between 1 and 200 mm of mercury, 

using a frequency of 3000 mcand the gap length varied between 

0,15 and 2,5 cm, were performed by MacDonald and Brown  ' . 

The results show that a minimum exists in the breakdown voltage 

vs pressure curve, and that this minimum occurs at lower 

pressures for the longer gaps.  In addition. Increased gap 

length for this range of pressure and gap length, decreased 

the breakdown field strength.  Breakdown in these tests was 

observed as a drop in transmitted power measured with a 

directional coupler and thermistor bridge.  The standing wave 

ratio was measured with a conventional slotted section.  The 

measurements were reproducible within an experimental error 
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almost 10 times as great as that for helium, and the minimum 

voltage occurs at a lower pressure.  Another series of tests 

by MacDonald and Brown    on hydrogen showed that this gas 

behaves in a similar fashion and the quantitative results 

were found to be about midway between those of helium and air. 

c.  Appraisal of Existing Data 

A procedure usually adopted to appraise data is as 

follows:  (1) data is examined to de tex'mine its self-con- 

sistency (2) it is ascertained whether or not the data is in 

agreement with existing theory, and (3) the data is compared 

with previously obtained experimental results.  A confirmation 

on all three points indicated that the data was reliable.  If 

any discrepancy arose it was necessary to critically examine 

the process by which the data was obtained.  Tills involved an 

investigation of the approach to the problem, the apparatus 

employed, and the technique used. 

The data on high-power microwave breakdown is 

meager and there is some disagreement between the results of 

several experimenters.  As an example, the work at M.I.T.  ^ 

indicates that the use of external irradiation greatly lowers 

the breakdown power, the reduction factor being as large as 

3 in some cases, while Cooper ^' presents data which indicates 

that irradiation has no effect on breakdown.  Since both of 
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™ these experiments refer to pulsed power breakdown of a re- 

duced height section of waveguide at 9800 mc, there appears 

to exist a direct contradiction.  First, an examination of 

the data for the two sets of tests show that in Cooper's 

experiments the data is -uniform for the conditions of 

irradiation and no irradiation, whereas the M.I.T, data is 

markedly erratic without irradiation.  Next, a comparison of 

the two results with theory yields nothing conclusive.  One 
l 

might expect irradiation to lower the breakdown power some- 

what, although no quantitative theoretical results are avail- 

able.  Since there is little additional data on the effect of 

irradiation on pulsed breakdown on waveguides, a more probing 

A. form of comparison is required.  The approach to the problem 

adopted by Cooper is preferred. 

5 Cooper used a statistical approach and plotted a 

probability of sparking curve, whereas the group at M.I.T. 

considered breakdown to have occurred when the first spark 

passed.  Considering the discussion of the paragraph 6.2a 

breakdown criteria, it la not surprising that the M.I.T. data 

for li|. successive runs with no irradiation showed that the 

lowest breakdown value was about 65 percent of the highect. 

As a matter of fact, the problem and the solution herein 

proposed were recognized, as shown by a statement of the 

effect that averaging sufficient data would probably yield 
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reliable results.  It was decided, apparently, that the time 

required for this procedure was unwarranted and that suffi- 

cient information could be obtained with the use of external 

irradiation which, as mentioned before, is a time-saving 

device. 

It must be mentioned at this point that although 

the irradiation improved the repeatability and shortened the 

time of chis experiment, some inconsistency still remained. 

This is shown by the results of the humidity test wherein 

the breakdown power differed by as much as 25 percent for the 

same conditions.  This too is in agreement with the proposed 

breakdown mechanism since the use of irradiation is an aid to, 

but not a substitution for, the statistical approach. 

An examination of Cooper's data shows that the use 

of irradiation increased the breakdown probability, as ex- 

pected.  A closer scrutiny of the curves, however, shows that, 

although Cooper claims that the Irradiation has no effect upon 

the onset stress, he does not prove it conclusively.  Since 

the onset stress is the zero probability intercept, it must 

be obtained by an extrapolation of the data and is thus sub- 

ject to some error.  This error may be large inasmuch as the 

curve represents the integral of a Gaussian type of distri- 

bution, and thus la S-shaped.  Thus, the intercept is not 

clearly defined.  For the tests with irradiation, the slope 
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of the curve is reasonably great so that the extrapolation 

error is small.  For the tests with no irradiation, however, 

the initial slope is quite small and it is difficult to 

determine the Intercept precisely.  Since the curves in the 

report are drawn to indicate that the intercept is the same 

for the two cases, Cooper claims that the irradiation has no 

effect.  Actually, a more cautious statement would be that 

within experimental error, the irradiation appears to have 

little or no effect upon the breakdown ctress.  This brings 

up the points of experimental apparatus and techniques. 

Cooper mentions an experimental technique whereby 

he cleaned the electrodes with metal polish applied with 

•«► chamois leather, and then washed them with ethyl alcohol.  He 
4» 

also states that the air in the spark gap was pumped out and 

replaced with fresh air between each setting of power level. 

The M,I.T. group makes ao mention of these aspects 

of technique, but does discuss in detail several methods of 

spark detection. 

Breakdown was usually detected by the sound of the 

spark and occasionally by its light, as seen through a 

terminating horn.  The discharge for breakdown under low 

pressure made little sound so that a stethoscope or contact 

microphone was used.  An alternate method was to detect the 
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reflections from the spark by means of a directional coxipler. 

The detection was accomplished with a crystal whose output 

was amplified and then viewed on an oscilloscope.  Occasion- 

ally, the occurrence of breakdown was cetected by the in- 

crease in standing wave ratio in the line between the source 

and the spark.  Cooper detected the sparks visvally through 

an observation hole in an elbow near the spark gap.  The 

power at breakdown was determined in a similar manner in both 

experiments.  The average power was first determined and then 

the peak power was found from a knowledge of the pulse width 

and repetition frequency. 

Both tests employed a water calorimeter to determine 

the average power.  In the M.I.T. tests, a directional coupler 

and thermistor mount were used in the actual tests after first 

being calibrated against the calorimeter.  Cooper determined 

his pulse repetition rate by measuring the speed of the motor- 

generator set which drove the modulator, while the M.I.T. 

group determined the repetition rate by comparing it with a 

calibrated audio signal on an oscilloscope.  Both experi- 

menters assumed the r-f pulse shape to be the seme as the 

magnetron current pulse which was viewed on an oscilloscope. 

Cooper took the pulse width as the area divided by the height. 

The M.I.T. group defined the pulse width as the distance from 

the center of the rise to the center of the decay.  On the 
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question of   the   accuracy  of  meaaurements^   the  M.I.T,   group 

estimated  an error  of   ±1.5 percent  In power,   while   Cooper 

estimated  a  corresponding  error  of   ±3 percent,     M.I.T. 

further estimated  an  error  of   between 2  and  6 percent  on 

pulse   width and  0.5 percent  on repetition rate,   whereas 

Cooper  estimated errors   of  2  and  1  percent.     M.I.T.   lists 

other  errors  such as   standing-wave  effect,   waveguide  losses 

and  gap height;   and  estimated  an  overall  error  of  between 

-3.3 percent and +10.6 percent in power.     Cooper  considered 

a possible  error  of  ±2 percent in locating  the  intercept and 

estimated  an overall  error  of   ±5 percent  in  voltage. 

z 

z 

6.I4. Regions of Validity of Theories 

Considering  all factor.s, it would seem that each 

set of tests accomplished its prime purpose.  Cooper showed 

that external irradiation does not affect the breakdown 

power; he also presents quantitative data on breakdown for 

various conditions of gap height and pressure.  The M,I,T, 

experiments show the qualitative variation of breakdown with 

the parameters of pressure, gap height, pulse width, repeti- 

tion rate, humidity, and surface roughness.  Quantitatively, 

the data is fairly accurate, since the use of irradiation 

greatly reduced the inherent error caused by the lack of use 

of the statistical approach.  It is apparent, however, that 
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exist in  the M.I.T.  data as   shown by  the  humidity 

ily   cited,   and  by  repeated   tests  with different 

ates,   the  results  of  which vary by as much as 
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Brown show their greatest divergence from theory and their 

least consistency at the smallest pulse widths, which sub- 

stantiates this conclusion.  Another factor which enhanced 

the reliability of the data is the use of external 

irradiation. 

The apparatus and technique used by Lathrop and 

Brown were similar to those used by Cooper and the K.I.T. 

group, with one exception.  The average power was measured 

using a directional coupler and thermistor bridge which was 

accurate to about 10 percent.  The pulse widths were measured 

on an oscilloscope to an accuracy of ±0,5 microsecond, and 

the pressure was measured with a mercury manometer to an 

accuracy of ±1 mm of mercury. 

The good agreement between the experimental results 

of Lathrop and Brown and the proposed theory is a verifica- 

tion of the idea that microwave breakdown occurs when the 

production of electrons by Ionisation is balanced by thoir 

loss through diffusion.  This conclusion is of immediate in- 

terest to theorists and physicists.  From an engineering 

point of view, however, the experiments are at present of 

limited usefulness, since the pulse widths and  pressures in- 

volved sire outside tho range of normal applications. 
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rlm>s(6^) data shows excellent self-conaistency and 

is In good agreer.cnt with the theory proposed.  As in the 

experiments of Lathrcp and Brown, Pin did not adopt a 

statistical approach to breakdown, but rather, took that 

value at which a spark first passed as the breakdown power. 

Ihe explanation for the good results obtained is simple in 

this case, inasmuch as c-w microwave power was used.  Pim 

states that the voltage was slowly increased, which means 

that for the frequencies employed, IOC to 300 no, a great 

number of opportunities to breakdown were present at each 

power level.  Thus, the inherent error in the measurement 

system was greatly reduced.  In addition, external irradia- 

tion was employed which also tended to decrease the error. 

As a confirmation of the belief that irradiation had little 

effect on breakdown power, Pim reports that without irradia- 

tion, breakdown always occurred at the same level as it did 

with irradiation, if sufficient time was allowed. 

The equipment used by Pim represents an extension 

of low-frequency circuitry.  The voltage was measured with a 

voltmeter which utilized a distrene dielectric vane.  Since 

the dielectric constant of distrene does not change over the 

range from power frequencies to 1000 mc, it was possible to 

calibrate the voltmeter at 50 cps with the estimated accuracy 

of the voltage readings being ±3 percent. 
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xhe   use   of   c-w power  at relatively  low microwave 

frequencies,   and   the   low~frequency  circuitry,   all   combine   to 

significantly reduce   the   value   of  Pirn's  results   to  an en- 

gineer   interested   in   the  peak-power-handling  capacity  of 

waveguide   components. 

The   data  of  MacDonald  and  Brown(   7* and  that  of 

Berlin  and BrownC2e)   substantiate   their  proposed  theory  and 

are   consistent.      Although  these  experimenters  did not use   the 

statistical  approach  to  breakdown,   they  were   successful  be- 

cause   they  used   c-w power   and  low pressures.     The  results   of 

these   experiments   are   of   limited use   to  engineers. 

7.     EXPERIMEKTHL   APPROACH 

7,1     Breakdown   Test  Circuit 

ihe   statistical   approach   to microwave  breakdown 

was  presented  as    the   criterion for  breakdown,   and  was   sub- 

stantiated by   the   existing data.     Accordingly,   this  approach 

was  adopted  for   the  experiments   conducted   on   this   contract. 

A diagram  of   the  microwave   circuit  and  auxiliary 

equipment  is   shown  in  figure  U.     Stripped   tc  its  essentials, 

this   circuit,  shows   that pulsed power  from  a modulated magnetron 

was   applied  to   the   test unit.     Breakdown was   observed with a 

photocell,   and recorded  on  an electronic   counter.      The   average 
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Power was measured with a directional coupler and thermistor 

bridge which was calibrated against a calorimetric load, while 

the pulse width was determined by viewing the r-f pulse on a 

synchroscope.  Provision was also made for the measurement of 

frequency, standing wave ratio, and pressure. 

A closer examination of the circuit shows that 

many auxiliary components were included.  Starting at the 

input end, an audio signal generator was necessary as a com- 

parison standard to determine the pulse repetition rate. 

Initially, a Raytheon type QJC 221 magnetron was chosen as the 

high-power source.  This tube combined the advantages of high- 

power output, dependable performance, and long life.  Later 

in the program, the Litton i^J 50  magnetron was used when it 

was found to provide comparable performance at less cost.  A 

one-megawatt power supply and pulse modulator unit drove the 

magnetron.  After the magnetron, a waveguide twist is shown. 

This was included because the magnetron had a waveguide out- 

put whose broad side wa^ vertical.  Since several crossed- 

guide directional couplers were to be used, and also for 

reasons of mechanical stability, it was more convenient to 

operate the system with the broad side horizontal; thus 

necessitating a twist.  Since the magnetron output had a 

waveguide outside diameter of 1.250 inches x 0.625 inch, an 

adapter had to be used to reduce the waveguide dimensions to 
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to l.OOC-lnch x 0,500-inch outside tlameter  as specified by 

the contract. 

Following the adapter in the microwave circuit was 

a iransvar" coupler(^).  This Is a new t/pe of  directional 

coupler which may be varied to transfer any desired amount 

of the incident power between 0 and 100 percent.  An inherent 

feature of the Iransvar coupler eliminates or suppresses 

even harmonic frequencies.  In the present application the 

coupler was employed to transfer sensibly all the fundamental 

power while suppressing the harmonics generated by the mag- 

netron.  Ihls was important for two reasons; (a) the presence 

Df harmonics could reduce the breakdown power either by 

creating Increased potential gradient, or because the break- 

down strength may decrease with frequency; and (b) the har- 

nonlc content of the electromagnetic wave may lead to ?Purlou3 

power readings.  This was probable because the coupling of 

the directional coupler was different for the fundamental 

and the harmonics in which case the power in the secondary 

line was not a true indication of the power in the main line. 

In addition, the Impedance of the thermistor mount was 

different at the harmonic frequency from that at the funda- 

mental, so that some power was reflected, introducing an 

error.  Associated with the Iransvar coupler is a dummy load 

_ - - - 
'.Trade'mark Sperry Gyroscope Company 
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to absorb that portion of the incident power which was not 

coupled into the secondary line, and a short to terminate 

the non-dire.tlve arm of the secondary line.  Ihe short was used 

mainly for convenience and was permissable inasmuch as the 

coupler was not used as a calibrated device.  The directive 

arm of the Transvar coupler was connected to a waveguide 

Power-divider network consisting of two hybrids and a phase 

shifter.  This eliminated distortion of the pulse shape that 

might occur if electronic methods for varying the power were 

used.  The simplest means of varying the power output is to 

vary the supply voltage since that quantity can be varied 

continuously while the magnetron is in oscillation.  However, 

rather than attempt to show that this means of varying the 

power output does not distort the r-f spectrum, the pulse 

shape was eliminated as a variable by always running the 

magnetron near full output and varying the power with the 

waveguide power divider.  A ferrite load isolator was in- 

serted after the power divider for the building block tests 

in order to isolate the magnetron from the mismatch produced 

by the test piece. 

A crossed-guide directional coupler which supplied 

power co a frequency meter was used next.  Since this portion 

of the circuit was pressurized to insure breakdown in the 

region of the test unit, it was necessary to insert a 
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pressure   winden, between   the   coupler  and   the   frequency meter. 

The  non-directlve   arm  of   the   coupler  was   terminated  with a 

low.power   termination.     Ihe   first  crossed-guide   coupler  was 

followed  by  a  second   crossed-guide   coupler  which supplied 

power   to  the   thermistor mount.     As  in  the   case  of   the  first 

coupler,   a pressure  window and a low-power   termination were 

again employed. 

Following   this   coupler,   there  was   a  directional 

coupler   that  supplied power   to  an  impedance meter  and a 

sliding  short.     The   impedance meter  arm measured  the   incident 

Power  and  the   short received  the reflected power existing  in 

the   test unit.     The  reflected power,   incident upon   the  short, 

was  in  turn reflected  towards   the   impedance meter.     By mov- 

ing   the   short,   the  phase  of   the   reflected  wave  was   varied 

relative   to   the   incident wave,   and   the  voltage   at   the  probe 

of   the   impedance meter,   which was maintained  at some  fixed 

position  then followed   the   standing wave  pattern.      It  should 

be  noted  that  the   impedance  meter  was   employed  in   this   appli- 

cation  for   convenience   and because  it  Introduced  a  very  small 

mismatch.     The   impedance meter  was  followed by  a  low-power 

termination.     Both  arms  of   the   coupler  were  equipped with 

pressure  windows.     Following   the   directional   coupler   in   the 

main line,   was   the   viewing bend;   photocell  and  counter   com- 

bination  for  detecting  and recording  breakdown.     In  order   to 
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count the sparks, a hole was made in an H-Plane bend with 

the center of the hole along the waveguide axis.  A circular 

attenuating tube was soldered over the hole to prevent r-f 

leakage.  An RCA type 1P37 photocell was pl.ced against the 

attenuating tube and the output was fed to an electronic 

count« which recorded the spark.  Immediately following the 

viewing bend, was the test piece, which was isolated from 

the rest of the line by two pressure windows.  The microwave 

system was then terminated in a high-power dummy load. 

The other equipment shown on the diagram, are the 

pressure gauges which measured the pressure in the test 

section and in the sections before and after.  High-vacuum 

equipment that continuously varied the test-region pressure 

from atmospheric to as low as 2 mm of mercury was used. 

Controls were provided to maintain the pressure constant at 

any given value.  Pressures abo^e atmospheric were obtained 

by using the plant airline which provided a gauge pressure 

of 60 pounds per square inch.  Pressures between this maximum 

value and atmospheric was obtained by employing an auxiliary 

tank which was maintained at the desired pressure by the 

airline,  A one millicurie cobalt 60 radioactive source was 

placed on the broad wall of the test piece near the point of 

laximum E-field gradient.  Figure 6 and 7 show photographs 

of the experimental layout.  Figure 6 shows an overall view 
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of   the   test  circuit   and most  of   the   auxiliary  equipment. 

Many   of   the   pieces   of  equipment previously mentioned  can be 

discerned.     Figure   7   shows   a  close-up  of   the   region  around 

the   test  section. 

7.2    Design  Considerations   and  Performance   of   Test  Circuit 
Components 

a.     Pressure   Window 

The  pressure  window  consisted  of  a  thin disk  of 

nlca   (approximately   .005-Inch   thick)   placed   in  a recess   in  a 

standard 2-lnch x 1-inch  outside   diameter  waveguide   choke 

flange  and  supported by  a rubber  gasket.     Because   the mica 

disk was  placed  in   a  section  of  waveguide   of   Increased height, 

resulting  in a  lower  electric-field  gradient,   It was  able   to 

withstand   the  maximum power   capacity  of   1-inch  x l/2-lnch 

waveguide  without  breakdown.     The  mica  section  was   then 

joined   to   the  regular  waveguide  by means   of   a  low-reflection 

taper.     The  input V3WR   to   the   combination of   two  tapered 

windows   separated  by  a  i-lnch  x  l/2-lnch straight  section 

was measured   to be   1.08.     Pressure-test  results  revealed   that 

the   windows  would   successfully withstand  a  pressure  differ- 

ential  Of   IfC  pounds.     Both  the   step-up   and  step-down  tapers 

were   greater   than   one   and  one-half  wavelengths,   which resulted 

In  an  overall  window length  of   6   inches. 
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b.  Phase Shifters 

Ihe phase shifter used in conjunction with the 

hybrids divided the power from the magnetron (which was 

operated near maximum output as previously discussed) be- 

tween the test piece and an auxiliary dummy load.  To obtain 

a continuous power split from 0 to 100 percent, a total of 

90.degrees phase shift was required.  The squeeze-section 

type of phase shifter was chosen as the most satisfactory 

for this investigation.  It could hanale high power, was 

easily pressurized, and presented a reasonably good match. 

Ihe main disadvantage of this phase shifter was the appre- 

ciable length required to obtain the required phase shift. 

This, however, could be tolerated in the present case. 

Hccordingly, a squeeze-section phase shifter was 

designed with a slot 6-wavelengths long and a total wave- 

guide-width variation of .070 inch.  Test, showed that a 

good match was obtained.  Ihe highest V3WR being 1.06 as the 

waveguide was squeezed the maximum amount.  The phase-shift 

measurements showed a maximum variation of 70 degrees, which 

was sufficient although not optimum. 

c.  Thermistor Mount 

In the present series of experiments the peak power 

was determined from a knowledge of the average power, the 
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pulse duration, and the repetition rate.  The value ior   the 

average power was obtained uslne a thermistor mount and bridge 

to measure a sample of the incident microwave power provided 

by a directional coupler located in the main line.  The bridge 

readings were calibrated against a water calorimeter.  Ihe 

basic requirement of the thermistor mount, therefore, was that 

It provide an indication of the power incident upon it.  The 

mount design chosen was a 0-0 double-coaxial-stub type, 

similar to a design tested by the National Bureau of Standards 

and found to be at least 9o percent efficient.  The only 

modification made was to optimize the mount performance at 

the magnetron frequency used in this investigation.  Tests 

indicated that the thermistor mount absorbed more than 99 

Percent of the power incident upon it, and thus measured the 

power to good accuracy, 

d.  Tchebyschefl Coupler 

KS mention in paragraph 7.1, a directional coupler 

was used to couple power into an auxiliary waveguide to 

measure the primary line VSWR.  It was extremely Important 

that the directivity of this coupler be high because low 

directivity would introduce an error in the measured VSWR, 

and such an error would be magnified in the computation of 

the breakdown power.  It also was desirable that the coupler 
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be bilaterally symmetrical so that the incident and reflected 

waves in the primary line would be coupled with equal atten- 

uation into the secondary line.  Fortunately this condition 

was easily fulfilled by careful construction of the instru- 

ment, and, in fact, this was the main reason for the choice 

of an arrangement using one coupler with a sliding short 

instead of two separate couplers. 

M directional coupler employing multiple-hole ele- 

ments could be designed for high directivity if the sizes and 

spacing of the apertures are properly chosen.  It can be 

shown that the optimum response is obtained by spacing the 

holes a quarter-wavelength apart and varying the coupling 

according co the coefficients of the Ichebyscheff polynomial. 

In accordance with this approach, a coupler employing seven 

holes ir. the common narrow wall between the two waveguides 

was designed and constructed.  The coupling of this unit was 

measured to be 33 db. and was essentially equal to both 

directions within experimental error.  In addition, the 

directivity was sufficiently high so that the probable error 

in maximum voltage was less than one percent.  These character- 

is tics constitute an assurance of good accuracy when the 

, ..  .1, M nn wl t^ '-tftt i-snatched pressure instrument was usea in uuujUii^xv^ witc ^a^- >..a.~„m     i- 

windows and a well-designed sliding short. 
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e.     hlscellaneous   Components 

In  addition   to   tha  microwave   corrpon^nts   already 

discussed,   many   other  units  were  required   to   complete   the 

test  circuit,     roremost  among   these   is   the   Transvar   coupler 

which  suppressed   the  propagation  of  higher-order modes   in 

the  unit under   test.     Tests   showed   that  for   the  normal mag- 

netron  frequency,   between  9230  and   ^Oi, mc,   the  mimimum 

coupled  power  was   9b percent  of   the   incident power,   which was 

satisfactory. 

ihe   test   circuit employed   two  other  directional 

couplers   in  addition   to   the   Ichebyscheff   and  Transvar   couplers. 

These   were   used   to  provide  power  for   the  frequency meter   and 

thermistor  mount.      The  main requirements   of   the   frequency- 

meter   coupler  were   that  it provide   sufficient power   and   that 

it be   physically   compatible   with   the   rest  of   tho   system. 

These   conditions  were  most  easily met  with  a  30  db   cross- 

guide   directional   coupler. 

Since   the   thermistor-mount   coupler  had  essentially 

tne   same  requirements   as   those  for   the   frequency-meter   cou- 

pler,   a  i+C  db   cross-guide   coupler   was   used   for   this   unit. 

Both high-power  dummy  loads   and  low-power   termina- 

tions   were   included   in   the   test   circuit.      Ihe   required   loads 
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had to be capable of dissipating a maximum of 3C0-watt3 

average powor and had to have a reasonably low VSWR, The 

loads chosen, the carbon-cement type, were able to handle 

this .mount of power adequately.  They had a V3WR less than 

1.05.  Ihree low-power terminations were also required.  It 

was necessary that two of them, those for the thermistor 

mount and V3WR functions, be well matched.  The terminations 

were constructed using a tapered resistance card of i+00 ohms 

per square, and the maximum measured VSWR was 1.01. 

7.3 Experimental Considerations 

Experimenters in the past had encountered difficul- 

ties,  iherefore, it was extremely important that breakdown 

tests be controlled as much as possible.  Control not only 

served to improve the repeatability of a set of tests, but 

will also allow direct comparison of tests made at various 

times by different experimenters employing different test 

circuits and equipment.  It was important that both the pulse 

shape and harmonic content of the signal source be controlled. 

The Transvar coupler and waveguide power-dividing network 

provide the solution to this problem.  The Transvar coupler 

suppressed the even harmonics, thus reducing the possibility 

of higher-order modes.  Itie waveguide power divider permitted 

a continuous variation of the power, without pulse distortion 
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• as «Igbt occur- if electronic method, for varying the signal 

output were alloyed.  However, since the magnetron could 

not always be operated at the same supply voltage, a set of 

photographs of the rectified r-f pulse were taken while the 

signal output was varied by adjusting the power-supply 

voltage.  ae results show that for the tests, both with and 

without the Transvar coupler the pulse was normal, reasonably 

square-shaped, and uniform from full power down to about 60 

watts average power.  Ihl- neans that reasonable variations 

in power due to changes in supply voltage can be tolerated 

with little error if care is taken to avoid large changes. 

Another important point considered, while striving 

• for reproducible data, was the manner in which the magnetron 

was loaded.  It is well known(1^ that the output of a mag- 

netron is dependent upon both the magnitude and phase of the 

load impedance.  To determine the exact effect on the par- 

ticular magnetron used in this series of measurements, tests 

were made on the variation of power output with impedance. 

The results showed that the maximum delivered power, which 

is the significant quantity, was about 10 percent greater 

for a VSWR of 1.8 than that delivered to a matched load. 

■ Xhis raised the question as to whether it was desirable to 

I take advantage of this additional available power.  The 
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areuments In favor of operating the magnetron with a matched 

load far cvtweighed the advantage of this additional power 

(see fourth interim  report) and thus the former course of 

action was adopted, 

Ihe manner in which breakdown was detected was 

another important problem that had to be solved before re- 

liable breakdown measurements could be made.  It was possible 

to obtain an indication of sparking using a viewing bend and 

photocell combination.  The output cf the photocell was dis- 

played on an oscilloscope or an electronic counter by care- 

fully shielding all leads and reducing the ambient light. 

In these tests, both the 931A and 1P21 photocells responded 

to the light accompanying breakdown in the waveguide. 

Several other methods for detecting breakdown were tried 

unsuccessfully.  - type IN?? photocell was placed within a 

hole located in the dummy load at a spacing of about Zk 

inches from the spark but gave no response.  The IN?? cell 

was moved closer to the spark by placing it at the eyepiece 

of the viewing bend but still no response was obtained. 

A simultaneous investigation into the use of con- 

tact microphones was tried with no visible response on the 

oscilloscope after UO db of amplification.  Ihla insensitlvity 

52 CONFIDENTIAL 



CONFIDENTIAL 

may  be   due   to   the   relatively  large   mass   of   the   portion  in 

contact  with   the  v;aveguide ,   30   that   the   use   of   a needle-type 

pickup may have  proved  satisfactory. 

Two   other   systems   of   spark  detection were   considered; 

one  was   dependent upon   the   assunption   that   the   occurrence   of 

a  spark   caused  a  change   in   the   pulse   shape.     If   this  were   so, 

then  an electronic   circuit  which measured   the   pulse  width 

could possibly   serve   to  detect  a  spark.     The   second method 

was  based  upon   the   fact   that   the   spark  would  introduce   a 

standing   wave   into   the   line.      Thus ,   a   device   which  responded 

to  a  sudden   increase   in   standing  wave   ratio   could   be  used   to 

count   the   sparks.     However,   these   systems   were  not   investigated 

because   the   viewing-bend-photocell   combination proved 

satisfactory. 

At   this   stage   of   the   program most  of   the   test pro- 

cedures  were   crystallized,   so   that  it  was   possible   to   start 

breakdown   tests  Immediately.     It  was   decided   that   the   first 

tests   should  use   the  minimum number  of   auxiliary   components 

and   tne   simplest   technique   so   that   the  general  approach 

could be   verified  with   the   least  possible   interference   from 

extraneous   factors   such   as  pressure,   VSWR,   and breakdown  of 

auxiliary   components.     For   this   reason,   a  breakdown  section 

was   constructed  featuring   a  capacitive   window  of   small 
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separation.  The initial runs proved to be disappointing 

inasmuch as the breakdown did not appear to be random, nor 

was the onset stress reproducible.  An investigation of the 

setup revealed that breakdown was occurring at the waveguide 

end of the attenuating tube used for spark viewing.  This 

construction was corrected by pressure-sealing a mica sheet 

across th« open end of the tube and then pressurizing the 

bend.  Subsequent tests showed that the bend no longer broke 

down.  However at this point, breakdown occurred at a pres- 

surizing window.  An examination of the window showed that 

the mica had broken down internally between layers.  To 

remedy this condition more -uniform sheets of mica were used. 

As these conditions were corrected the input power 

was successively increased.  The next increase in power (after 

the windov. breakdown problem was solved) resulted in break- 

down across the flanges.  Ihis new development focused 

attention on a problem which existed when the choice of 

flanges was made.  Since the field of waveguide component 

breakdown is so new, there was insufficient data to determine 

which flange arrangement would carry the most power. 

Before going into the problem of determining the 

breakdown power of flanges at great length  (as was done later 

in the program), it was decided to employ plain flanges. 
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By employing the Information provided by an observation of 

the breakdown, techniques were developed which lead to an 

improvement of the power-handling capacity as the need arose. 

An examination of r,he flanges showed that breakdown occurred 

in the section of the flange next to the center of the broad 

„all of the waveguide.  This was not unexpected since any 

space existing between the flanges is transverse to the 

current flow in the broad walls, and parallel to the current 

flow in the side walls.  The sections of the flange near the 

broad walls act as a capacitor, and it was the capacitor that 

broke down.  Thla was corrected by insuring good contact be- 

tween the flanges in the vicinity of the broad „alls of the 

|        waveguide.  This could be accomplished by extending the flanges 

'        near the broad walls to obtain a butt-type Joint, by beveling 

the sidos of the flanges so that the center protruded in a 

convex fashion, or by Inserting some malleable metallic sub- 

stance between the flanges to insure electrical continuity 

along the broad walls.  The second method, tha^ of beveling 

the flanges near the side walls, was adoptod.  Thia scheme 

improved the power-hendling capacity of the flanges so that 

breakdown was caused to occur in the test gap as desired. 

Two sets of tests were made on the test gap. One 

set consisted of periodically observing the number of break- 

downs at a constant power level.  A test of this sort can be 
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• used   to  analyze   the   break-down  process   and   to  determine   to 

what   extent   the   process   can   be   considered   a  random  one,   sub- 

ject   to   the   laws   of   statistics.     The   second  set   consisted   of 

observing   the  number   of   breakdowns   occurring  In  an  interval 

of   time  for  a  series   of   different power  levels.      The   infor- 

mation derived from  this   latter   test  also  was  an  indication 

of   the  degree   of   randomness   of   the  break-down process. 

To   justify   the  use   of   a   statistical  approach   to   the 

problem of  breakdown,   it  was  necessary   to   show   that  such  a 

method possesses   some   advantage.     The  experiments   of   Cooper   1 

indicated   that  a  plot  of   sparking  probability  versus  power 

results   in  a reproducible   value   of   onset   stress,   the  knowledge 

tt of   which represents   a   considerable   advantage.     Hence,   the 

first experiments made during this program were an attempt 

to corroborate this conclusion. Figure Ö shows the results 

of this test; the similarity of the curve to those obtained 

by  Cooper   indicates   that   the   conclusion  was   justified. 

In  addition   to  providing  an  excellent means   for 

data presentation,   the   statistical   approach  also   can  provide 

Information  about   the   process   of   breakdown.     A  set  of   data 

was   taken  wherein  the   amount  of  breakdown was   observed  for   a 

| number   of   successive   iS-second  intervals.     This   data  was 

plotted  in   the   form  of   a  hlfitogram.   with  the  number   of   break- 

downs   in  a  15-second   interval   as   the   variable.      The   curve   is 
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W shown in fig«?« 9.  Similar curves plotted from the same 

data, but with 3C-and 6C-second intervals as the variable, 

are shown plotted in figures 10 and 11 respectively.  Al- 

though the data is obviously meagre, it is apparent that all 

three curves strongly resemble a slightly skewed normal dis- 

tribution curve.  To be more specific, it can be easily shown 

that in all three cases the mean is larger than the median 

and the median is larger than the mode, which is character- 

istic of this type of distribution. 

At this point some mention should be made of the 

manner of plotting the breakdown probability curve shown in 

fig-ore 6.  For this test the power level was held constant 

| and the total number of breakdowns in a 10-minute interval 

was observed. The  probability of breakdown for one pulse was 

determined by dividing the number of breakdowns by the total 

number of pulses.  This method was employed by Cooper and 

is the obvious one to use since it follows directly from the 

definition of probability.  For the sake of completeness, 

however, some consideration had to be given to this use of 

the mean as an average.  The criteria used in the choice of 

an average was, that the average be reasonably accurate so 

that a smooth curve would be obtained, that the computation 

be simple, and that the necessary data be held to a minimum. 

In addition, for the purpose of this program it was important 
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that   the  portion  of   the   curve   where   the   average  was   small  ba 

11  defined  so   that   the   onset  stress   could  be   determined we 

with reasonable accuracy. 

To obtain the best average, the data of figures 

9, 10, and 11 were divided in the following fashion.  For 

each time interval, the mean, median, and mode were com- 

puted for the entire set cf data as well as for the data 

considered in groupa of ten and twenty readings.  A tabu- 

lation of the computations may be found in the fourth 

Interim report, 

A consideration of the data shows that for each 

group of tests the mean had the least standard deviation and 

the least maximum deviation.  From the standpoint of simplic- 

ity of computation, the mean again was superior since only 

one reading was required at the end of the total time inter- 

val.  The mean also gave the greatest precision in the region 

where the probability was very small since both the mode and 

the median were not well defined. 

For these reasons the arithmetic mean was used in 

the computation of the probability of breakdown in figure 6. 

The choice was justified because the curve was smooth and 

well defined. 

68 CONFIDENTIAL 



t 

CONFIDENTIAL 

Additional tests, made on a section of 1-inch x 

1/2-inch x .050-inch waveguide (figure h)   using the test 

circuit shown in figure S,   indicated that the pressure window 

near the generator broke down because the straight section 

broke down first (sea fifth interim report). 

It was decided that it would be significant to 

determine the effect of external irradiation upon the break- 

down cf waveguide.  This would provide a check against the 

results of previous experiments.  In addition, if the effect 

could be determined. It v,ould greatly simplify future test- 

ing.  The source chosen for this work was an irradiated 

cobalt-60 wire which was hermetically sealed in a steel rod. 

ihe source strength was approximately one millicure.  The 

radiation consisted of equivalent amounts of two gamma rays 

of 1.1 and 1.3 MEV.  This source was chosen because it was 

easily obtained, easily handled, required few safety pre- 

cautions, and was adequate for the job. 

In the tests that followed, the value given for the 

breakdown power was that which corresponded to the minimum 

sparking probability.  This value was referred to as the 

onset stress.  A complete probability curve was not taken 

for two reasons.  First, breakdown in the test section 

traveled back to the pressure window and caused continuous 
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f breakdown   at   thifl   point.     This  made   it  impossible   to   count 

the   number   of   breakdowns  in   the   test  section.     Second,   a 

complete   probability run  at  each point would   considerably 

lenethen   the   test   time   and   thus   would limit   the  useful  data. 

The  effect   of   external  irradiation  on   the  breakdown 

section  at   the   breakdown power   was   determined from a  series 

of   tests   employing  varying  amounts   of  irradiation.     This  was 

j accomplished  by  setting   the   cobalt  at  several  fixed  distances 

from  the   waveguide   and measuring  the  breakdown power  as   a 

function  of   the   gas  pressure.      The   tapered waveguide   section 

in  1-inch by  l/2-inch  waveguide   was   the   test  piece   (figure   1+). 

For   consistency   this   same   test  piece   was   used   throughout   the 

ft pro-ram for   all   tests   to  determine   the  peak-power   capacity  of 

this   size   waveguide. 

The  procedure   adopted was   to  set   the  magnetron  out- 

put  at  a  value  near   its  rated  maximum.     The  phase   shifter 

(figure   5)   was   then  adjusted   to  produce   a  convenient power 

level  in   the   test  section.      ^he  pressure   in   the   test  section 

was  reduced  in  small   increments  until  breakdown  occurred,   as 

noted by   the   photocell  and  electronic   counter.      This  reading 

was   then  checked  and   the   process  was  repeated for   other 

power  levels. 
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Ihls  procedure   was  repeated  with  the   cobalt  in 

contact  with  the   waveguide   and  also  at  one-   and   two-inch 

intervals  from  the   waveguide  wall.     The   complete   test re- 

suits   are   shown  in  figures   12,   13,   and  ll|.     It  should be 

noted   that   the   average   power   is  used   as   the   abscissa.     Since 

the  magnetron was   operated  at   the   same  power  level   in all 

the   tests,   the   curves   are   self-consistent  and  errors  due   to 

pulse   shape   and  repetition-rate  measurements   are  eliminated. 

A  comparison  of   figures  12,   13.   and Ik shows   that 

for  power  levels   above   60  watts   the   curves   are   approximately 

co-linear,    .his   indicates   that for powers  between 80  and   200 

_        ..  •     IT     j v- -, ,>     nf    »nor« niT'T ,      8, 
watts, and pressures between ? ana x3 Inches ox B . 

variation in intensity of irradiation produced no change in 

breakdown power.  The magnitude of this variation could be 

approximated since the geometry of the cobalt was known and 

the intensity varied inversely as the square of the distance 

from the source-  This was not necessary, however, since 

another test was run using no external irradiation.  This 

data is shown in figure 15 wherein the indicated points refer 

to breakdown with irradiation and the solid curve represents 

breakdown with the cobalt in contact with the waveguide.  In 

this connection it should be noted that the solid curve is 

not a reproduction of the data of figure 12.  The difference 

C]_ CONFIDENTIAL 



CCNFIDS1MIAL 

between the two curves is chat the data was zaken  with two 

different nagnetrons. 

As shown in figure 15, the breakdown power without 

Irradiation was never lower than that obtained at the B«M 

pressure with irradiation.  This was consistent with normal 

expectation.  In general, without Irradiation the breakdown 

power was about 20  percent higher than that under the same 

conditions with irradiation.  However, it should be noted 

that there were three points which coincide with the line, 

ihis indicated that the Irradiation did not low«r the break- 

down power.  These points were obtained by waiting for a 

period of one hour before breakdown occurred without irradi- 

ation, whereas most of the other points were obtained using 

a 10-minute interval,  ihe normal waiting period with irradi- 

ation was 5 minutes ana breakdown usually occurred after 

several minutes.  Since the number of available electrons 

with the cobalt source was of the order of 10  times that 

otherwise present, it can be seen that the probability of 

breakdown in one hour without cobalt is considerably less 

than the probability in 5 minutes with cobalt.  This would 

explain the fact that the breakdown power without cobalt 

was generally higher. 
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f it r.ust be nentlcned at this point that several 

other runs were r.ade wherein the power was held constant for 

| one hour with no external irradiation.  After no breakdown 

I was observed the cobalt was Introduced and breakdown resulted. 

I Ihis is not aurprisin^ in view of the number of electrons 

available. 

Considering figures  12,   13.   Ik,  *nd 1$ it may be 

| said with  a  good degree   ol   certainty   that external  irradiation 

does  not  lower   the   breakdown  power.     The   results  were  not 

■ conclusive   for   several  reasons,     first,   it was   impossible   to 

achieve   the   same  probability   of  breakdown with no external 

irradiation because   a waiting period  of   about IC6  x  5 minutes, 

J or   about  10  years  would  be  required.     Second,   figures  13,   Ik» 

and  15  are  not  uniform  ever   the  entire   range.     5.nce  figure 

is   linear  over   the  entire   range,   this   casts   some   doubt  as 

to   the   accuracy  of   the   r.easurenents   at  lower  power  and 

pressure.     Fortunately,   there   was   good  agreement  at   the 

high-pressure  end  which  was   closest   to   the  normal  operating 

range   of   atmospheric  and higher  pressures. 

As   a  consequence   of   the   theoretical  result,   (de- 

scribed  in paragraph 5.2  of   the   error   in   the  high-power   re- 

flactometer method   of  measuring  V3Wn),   the  relleotometer  was 

set up   as   shown  in  figure   5.     -  combination  of   sampling  probe 
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., 

1 

j   -«  ^A ^'J- i»*»   '-nwf-r   because   of   the and   ternlnaticn  was  used   .o  pxcx  up   ^owe. 

4  ^...v-   qr   obtalnad.     Several   elements,   including  a good natcn  so  o-^-i^.-'-si-.     --',- 

barretter,   ItftfB   crystal,   and   several  values   of  Littelfuses 

were   eaplcyed  as   demoting elements.     .he  best  results   v:ere 

obtained vi rh  a  1/200   anpere  Littelfuse  housed   in  a   tuned- 

probe   asservbly, 

ihe  V3WR  of   several  mismatches  was measured using 

both   the  reflectometer  arrangement   and   a  standard  impedance 

neter.     In   the   inpedar.ce-meter  measurement,   the   detecting 

element was   the   same   1/200  ampere   Littelfuse.      The  results 

of   the   test  are   listed  in   table  1. 

lAELE   1 

CALIBRATION  CF  SLIDWO-SHORT REPISCTOMEOER 

Low-rower 
VSUR  Using  Standard 

lmpedance-Ke ter   Setup 

1.C2 

1,07 

1.11 

1,19 

1.U3 

2.0 

>«0 

High-Power 
VSWR  Using  Sliding- 
Short Reflectometer 

1.03 

1.06 

1.11 

1.19 

1.U8 

2.1 

i+.ö 

From the data it is seen that the maximum error 

occurred at a VSÄ of 2.0,  Ihe error is given by 

91; 
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r 
1 ]      f   2.0 «ll 
f "I1 ^TTTTj 

relative orre 

U 

31 .; rercer. •. 

T 

■ 

Ihe value of a. the reflection coefficient, was 

-.33; so that this case is closest to the condition - « 1 

and b = 1, for which the theoretical result Iron equation 

is 
c + 

i ♦ r, ♦ r« ■»■ i 

rax i r,ur. relative errc 

For the equipment used in the tes 

d = ,0i 

r1 = .ci 

r« = .02 

'3 
= .02 

r = 02 

c = .01 

30 that 

t 
95 
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1.1 

- 1 X 1 " - " 

::■; = i 
, — — o « ♦, 

^--■i-o-  ^-Y   the   experir.er.tally- ihis   is   seer,   to   compare  exactly  v.. .r.   .....        V 
naia     tve   results   obtained by determined  naxir.un orr.. .      xnua,     - 

-.   v  „«w«.   slii^ng-short  refleotonetar   compared   to 
using  a r.igh-?ovc.   siiozng 

««««1   <r-edance  meter method  agreed  within   the the   conventional  xjap»««*»»-« 

theoretlcall/  predicted error. 

lmk    Analysis   of  Experimental Errors 

a.     General 
rne  following factors  must  te   considered  in 

estimating   the   accuracy   of   the   data, 

b.     Fower Measurement 

B-  prl«r,  3tar.dard of  ?o»er r.easurer.ant «as   tb. 

-  ^   -,f   c   o-las«   tube   inserted  in  a 
water  load.      Ihis   consisted  of   a  glas_ 

~*A   to rl-imize   reflections.     Water   was waveguide   and   tapered   to ml..imiz« 

.^ata*  a.«*»  thia  .las.   **•   «-  «-  "«—  fc™ 
^t  an.  »tpu.   -anpara^as  «a.  inaict.« .y  ther..ocouples. 

,-   K«   Ka»A.tlzyE   the   heating »fleet 
Ihe  power   calibration was  mad«   bj   e^ua-i... 

.     tvp   raatinÄ  of   the   water  by  bC   cps   a-c of   the  microwaves   to   the   naatin^ 
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c power  whi ; b  c a: -.aasured  qul accurately.     Because   cf 

.r m»ms*rta*  ttoa  6C  cos powr  due   U in- 

rover neter  cr   the  water  flow,   and   the 
•tfibiXJ ty  of   t 

assur^tion  of   oquoi   heati^  effects   between   the   6C   cos   and 

microwave  cower.    :he   protable   error  in   this  measurenent  was 

estinated   to  be   3  percent.      Ihis   suostltution nethod elinin- 

ated  orfmo« heat  lasses   and  inaccuracies   in measuring   the 

absolute   flow rate. 

Although  the  water  load was   an  accurate,   absolute 

..^^^-■'r-oh" A   for  breakdown   tests cower rr.easurin£  device,   it was  undesirab.«  IOI 

because   cf   its   slow response   tine   and built.     Iherefore.   it 

was   found  convenient   to  use  a  Sperry Microline" Model   Bl|fi 

chemistor  bridge   coupled   to   the   line   by  a directicnal   cou- 

Pier,   and  calibrated  against   the   water  load.      lb.   probable 

error  of   this  power  nonitoring  device  was  estimated  to  be 

about  £  percent   of   the   calibrated reading. 

Since  power  r.easorenents  using   themal  devices 

~     <~  »••  -«cessary   to   cor-oute  peak power neasure   average  power.   It was  ..ecassary 

fror,  the  repetition rate   and  duty  cycle.     The  repetition rate 

.as  detemined  by  using   the  Berkley  counter.     The  probable 

error   in   this measurement  was   estimated   tc  be   0.2S percent. 

tiradeVark.  Registered.   Sperry Gyroscope  Company 
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The  pOM  width •«  -8M«.d  as   the   time   fror.  t..e 

^„-< - i rr-rone        The  probable ta   viewed  on  H)  osd-ioscope.      »«"  » 

e   about   7  per cen- 
tall  ol   OM   pals«  a 

error   of   UM   measure-.ent  was   ea^ir.atei   U  be 

for   the   l.-Z-T.icrose :ond pulse. 

c.     Detemination  of  Breakdown 

I Because   of   the   sca.iscical  nature   of   breakdown,   the 

^ Point  of   onset   s^ess.   or  power  level  at which  breakdown 

I first   occurred,   was   chained tj extrapolating   the   breakdown 

\ probabillt7  versus  power  level  data   to   the  poin.  of   zero 

.   v,^.—       ^irce   --e   interval  between breakdown  sparks probabiiltj.     since   «M   *«*«<••■ 

r,^,   HaeMmm  lOBft.   tha   onset  stress  power  level  was 
A sone tines   wetau^-o   mu&i   ---^ 

I    ^ difficult   .o  determine.     The  error   in determining   the  point 

j of   onset   stress  was   estimated   to  be   1  percent. 

d.     Waveguide  Losses 

^„^^.■■j^a   inqs^a  were   about   »07  db In  X-band,   tne   wave^j-de   ^oas-a 

I par   foot.     .s   nay  be   seen  from figure   5.   the   power   level   at 

I the   coupler  exceeded   the   power   level   at   the   test  piece.      Ihe 

1 distar.ee   fron   the   coupler   to   the   test piece   was   about  2  feet 

o  -i i    A\-\       Tr-   o^r'lt^on.  because   this (an   attenuation  of   about   0.14 ^).      In  ad..-  

«,   _,   ««««nda   contained   7   choke-to-cover   flange   con- 
lengtn UJ.   «a.aa——   -J" 

sections,   tr-e   total   attenuation,   including   the   waveguide,   was 
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-   -i   -iu        :«»<«a   ttom   ral i'cratiion  was   mads   with estimated   to  be   L.3   dt.     oir-ce   CEfl   caixo«»**« 

j     ,,„-,r^-i   ^'ppr^T-r   to   the   directional   coupler, ühe  water  load   ccanccte.   »!»•< ] 

tha   ?ov;3r   level   at   the   thernistor  had   to   exceed   the   power   At 

the   test   ciece   bf   a  nrn-negligible   anount.     Hence,   the 

estinata   In  breakdo^. power   was   in  error  bj  about  ^  percent. 

e.  Wa73guide iolerancea 

in  determining the accuracy of the breakdown power 

as a function of the tolerances of the wavesuide dimensions, 

, .,, .««-.* wi ^v- -re ^nersü. equation for the it was convenient to swrv wx-n um   ^am*.~*     t 

power capacity for tbm   SS^  «wa 

? = K a; (56 ) 

a 

Substituting   the  general  wavelength  eq 

mode 

uatlon** for   the  TS 

I        [A3 I 1    _    I —' 
J1    lalj 

ic 

(57) 

therefore 

— ^b i1 " IHJ 
(5?) 

;-o6 3   rel "ftf 1,   page   121+. 
•*S«c  ref.   69,   page  62. 
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Af tar   making natural  logarithms 

in   F   =   In   I   *   In   -i   *   In .uAM'] (591 

aod  then,  talcing   11 derivative,   the fcllcwing equation r esuit 3 

r 
la 

- 
r. 91 A.- 3_ 

1 
1 

i 
i 

i - 
r \' z 

i 

1 

,   c   -   i 

Ihe   tolerance  of   cammarc ial   X-band waveguide   la   atout   .CC3   inch 

UEuxa > 

la 1^1) 

and 

D i I : 

F 500 
:i + 0.954] * 

■   j ^ 

3       +. My T^ 

_ 
F 

-£• = .Ü115 = 1 nercent 

(62) 

The   error   in power  due   to   changes   in  microwav«  xrequa^c-y   ca^.- 

c^ated  by   an  axtensicn   of   this   analysis   was   found   to  be 

negligible. 
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f.     Vol-aäe   Scanding   «ave   Ratio 

In   the   breakdown   testa,   tne   test  piece   was   followed 

i   *M.  «nd   a  dtHKZ  ^oad-      Xba   V3wR   of   the   window by   a pressure   window ana  a   wmmj   --=«-^ 

and  dummy-load   combination  was   measured   to  be   1.07.      This 

fc     ,.   -A<.V«#M   or  a   coBDUted oower  7 lead  to  breakdown  in  the   test  section ao  a  cwny« 

►   i«wi.   th^n   wltt   BO   sta.nding   wave.     Hence,   the   estimate percent  lower   -nan   wiu« uw  a«»» 
„ „   -i-   ^"r-or«  v-v -7  percent  because   o- of   breakdown  power  was   ^-.  e^r-n   -/      ,   t^1- 

standing  wave. 

s.     Measurement  of   Presste 

Ihe  error   in breakdown power  depended upon   the 

relativ   error   in  pressure   and   the   absolute   pressure   in   the 

manner   shown  in  equation i+7: 

HI   =   2   —^-   ICC   rercer.t 

^   *->-r-T   tha  «rror   in breakdown power   in- —v,,.,     -if   f-ari   be   seen   tnat   i>ne   ex i ux    x-n  k-iw^*^.— 
X*^^*w   , -i.    w ,   J.. . w  — 

creases as the absolute pressure decreases for a constant error 

in pressure, ip.  A quantitative estimate of how this error 

will vary with pressure can be calculated from equation ll  b, 

substituting typical values of the parameters.  Ihe results 

of such a series of calculations are plotted in figure lb. 

It is seen that at low pressures, the error in power can be- 

come quite large unless care is taken in the pressure 

measurements. 
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la  general,   «ha   error   in   the   pressure  measurement, 

—,«-   UM   ftceisrftcsr   of   the   instrument  and p     came   from   two   sources;    UM   a-ci^ra-./ 

L  accurac.  In  reading   the   instr^ent.     These   two  sources   of 

error  were   independent  of   each  other.     Two  pressure  meters 

were  used  during   the   course   of   the   program. 

Ihe   relative   pressure   gauge   had   another   source   of 

error   in  addition  to   the   two  alreadj mentioned.     An  error 

due   to  parallelax in reading   the  gauge   was   estimated   to  be 

C.l   inch  of  mercury.     Also,   the   gauge   was   calibrated  against 

..„   ^Tr*~ir   the   linearity   of   the  readings. a manometer   in  order   to   check   Che   iinowj.   j 

rt   i0IBetllBea  haooens   that  a  spring  loaded  gauge   does  not 

give   a   true  reading  due   to  failure   of   the  mechanism.     From 

.he   calibration,   it  was   estimated   that   the   gauge   read  to 

^        ^  , ^.-r  «f   fhm   true   reading.     Finally, within 0.2  inch  of   mercury  of    CM    trw  rr»«       & 
„*•   ^T-no-r   in   the   ffauffQ  was  prob- the  most   significant  source   of   error   in   cne   gaug 

abl,   fluctuation of   the   atmospheric  pressure.      The   U.S. 

Weather Bureau Reports   for   this   area  indicated   that   the  mean 

dally  barometric  pressure  may   change   by  0.5  Inch of  mercury 

in   the   course   of   a  week  and   that  fluctuations   of   one   inch 

are   not  unco^on.     Since   the   breakdown data was  uncompensated 

for   changes   in  atmospheric  press-ore.   3C   Inches   of  mercury. 

absolute   pressure,   was   taken  as   standard  amospheric pressure 

for   converting   the   gauge   readings   to   absolute   pressure. 
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Therefore,   the   error   in   the   measurements  made   at  low pressures 

could  be   l.r£e.      In  addition,   the   error   would  probat  remain 

constant   in   the   course   of   testing   of   components   (the   baro- 

tretrlc  pressure   is   relatively  constant  for  a period   of 

several  hour»)   and   therefore  would not  show ur   as   internal 

inconsistency  in   the   breakdown  data.     Because   of   the   flue- 

r-u^  -nnar  nTibable   error   in tuations   in barometric  pressure,   the  mosu  pro©»Dia 

.*4w,mtmA   ra  be   0.3   inches   of   mercury, pressures   was   estimated   to   c-   u.j 

A  pressure  neter  used  in   the  latter  part   of   the 

_>....  nf   ttm   orocram   to  cerform  some   of   tne building   block  phase   ol   tM   progicu. 

icm-pressure   tests  was   an  absolute  pressure manometer  ptir- 

chased  from   the  Imil  Greiner   Company   (Model  10709).     Ihls 

j   ♦-«   i-va  nAor-^a'-  C.C1   centimeter   of Instrument  can be   read   to   the  neares-  U.UJ. 

mercury  and  provided  extreme   accuracy  even  at  very  low 

pressures. 

ilnce   the  relative  pressure  gauge   was  used for  most 

of   ehe  breakdown   tests,   the  errors   were   estimated  on   the   basis 

of   its   accuracy. 

.he  best  case  refers   to   tests   in which  the  pressure 

was   15   inches   of  mercury  or  above   and  the   worst  case   Is   for 

press ure of 5 inches or above.  3ee table 2, 
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TABLE 2 

PRE33URÜ VS POWER ERRORS 

Estimated Presaure 
Source cf error Errors JAp)  

Calculated Power 

B*£«y (-4) — 

reading 
in a trunent 

accuracy of 
instrument 

barometric 
fluctuations 

0,1 

0,2 

C.3 

Worst   case 

12% 

overall  rms  error       lS3A 

Best c*am 

1.3/o 

2,6% 

2,9% 

k.9lL 

In most cf the tests, some or all cf the data was 

obtained above 15 inches of mercury, absolute pressure. 

Therefore, the most probable error for the tests was taken 

as the best of the two cases (table 2) resulting in an over- 

all error due to pressure measurenents of 1^.9 percent.  How- 

ever, it should be noted that it was possible for these 

factors to add in phase for a particular test, subsequently 

resulting in a much larger error than estimated. 

h.  Summary of the Probable Errors 

Parameter errors 

water load 

thermistor  bridge 

repetition rate 

pulse  width   (for   1.2-microsecond 
pulse) 

10k 

3  percent 

2 percent 

0.25 percent 

7 percent 
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onset stress 

standir-G waV3 (VJWR) 

attenuation 

Pressure rieasurement errors 

reading instrument 

accuracy of instrument 

barometric fluctuations 

Overall probable error 

1 percent 

-7 percent 

+6 percent 

1.3 percent 

d.b percent 

3,9 percent 

9,1+ percent 

Iba probable errors were estimated on the basis 

that there was SO  percent probability that the measurement 

would be within the stated limits.  The error due to pulse 

width could approach 21 percent for the shortest pulse width 

(G.4 microsecond).  The overall probable error was taken as 

the square root of the sum of the squares of the individual 

probable errors.  Note that there are two constant errors in 

the power carrying capacity; a -7 percent error due to the 

VSWH and a +b percent error due to attenuation.  For very 

precise work, a -1 percent adjustment should be made in the 

reported values of power carrying capacity.  The combined 

results of these effects have a negligible effect on the 

overall probable error in the breakdown measurements. 

Since the peak power is an important measured 

quantity in breakdown tests, an attempt was made to measure 

105 CCNFTDSNTIAL 



CONFIDSIMIAL 

it  by   two   independent near.s.     As   noted  elsewhere,    the   -ethod 

adopted for  measuring  peak   power  for   test  p^poses   was   to 

measure   the   average  power   and  divide   by   the   duty  cycle   to 

obtain peak power.     Ihls method  asswa   that   the  pulse   la 

rectangular   in  shape   and neglects   the  fact   that even  in   the 

best  actual  pulse,  ripple   and  overshoot  are   present.     In 

order   to   check   the   validity   of   this   assumption  the  results 

obtained  by   the   average  power  method  were   compared with 

measurements  made   with   the   Sparry Model  630A  Peak  Power 

me t« r. 

This   Instrument  employs   a  baratter   detecting   in 

conjunction  with  differentiating  and  intergrating   circuits 

to measure  peak  power.     Ihua   It provides   an  independent 

method for measuring  peak  power.      Die   results   of   the   testa 

are  not   conclusive  because   the   background  ringing   in   the 

area where   the   tests   were  made   could not be  easily eliminated. 

However,   the   tests   Indicate   that  for ring  levels   less   than 

25 percent  of   the  peak  power meter  reading,   the  difference 

between   the  measured  values  obtained by   the   two methods  was 

less   than  6  percent.     This   result   was   obtained by   subtract- 

ing   the   ringing   algebraically  from   the  meter  reading. 

Ihis   agreement   is  only  an  indication  of   the 

accuracy  of   the  measured  peak power  level because   the   peak 
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power neter is not an absolute reading device since it is 

calibrated using a low power pulse.  However, the results do 

indicate that there is close agreement between the shapes 01 

tha high power pulse and the low power calibration pulse, 

which has a good rectangular shape.  3ince this is so, it is 

safe to conclude that the average power method of measuring 

peak power, which is based upon the assumption of a rect- 

angular pulse shape, is valid for the equipment used in these 

tes ts. 

6,  Investigation of Methods of Locating the Region of 
Breakdown 

Several attempts were made to locate the region of 

breakdown by using an Amperite contact microphone and a set 

of throat microphones.  There was no visible response on the 

oscilloscope after 1+C db attenuation.  As stated previously, 

this insensitivity might be duo to the relatively large mass 

of the portion in contact with the waveguide.  Therefore, it 

was thought that the use of a needle type pickup might work. 

A crystal pickup device was tested with negative results.  In 

an effort to find a substance which was physically affected 

by exposure to breakdown, pressure sensitive masking tape, 

wax paper, lempilaq and several organic starches, including 

potato starch were tried.  (Tempilaq is a wax-like substance 

<<r* 
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which nelts at a specilic tenperatura and changes its appear- 

ance upon solidifyins,)  However, none of these substances 

gave a satisfactory indication of breakdown. 

Defender Brand valour black enlarging paper was 

used but Save no indication of breakdown.  Success was 

finally achieved using Centura Brand contact orthochromatlc 

reflex paper.  The paper was placed sensitive side facing 

the air gap. along the walls of the test section.  This 

operation, as well as placing of the test section in the 

circuit, was carried out in subdued light.  The microwave 

energy was then applied until breakdown was noted, both by 

the sound and by the photocell and counter combination.  At 

this point the power was turned off and the paper removed 

and developed. 

Ihe pic fore shown in figure 17a, reveals several 

interesting and important features.  First, the marks are on 

those portions of the paper which were adjacent to the broad 

walls of the waveguide.  ihis is as expected inasmuch as the 

breakdown was parallel to the electric field.  The next 

feature to observe is that marks occur in pairs, one on each 

wall.  Tnis indicated that every spark traveled the full 

distance between the walls.  Another important feature is 

the axial spacing between the spots.  Although this was 
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T   ä#   tVifl  breakdovms   show 
difficult   to naasure  because   several  el   the  creaK 

up   as   «Ol   clusters,   the   spaciuss  were  measured  to  be 

approx^ately  Oj*.   ^h.   ar.d  30/«,.  -asuring  to  the 

.enter   of   the   cluster.     At  9375 r.c.   the  eperatin,  frequeh=y. 

one  quarter  waveguide  wavelength was  approxtaately  20/6^. 

This  value  „as  exactly equal   to   the   average  of   the   three 

„easured values,     fhis   indicated  that  in  the  plane   of   the 

spar.,   the   adnittance  is   that   of   a  short  circuit which 

creates  a voltage  naxi^.  one-quarter wavelength   towards   the 

generator.     ihis  point   than hrea.s  do»,   shifting   the  voltage 

raxlr.un another  quarter  wavelength  towards   the  generator, 

„a  so  on.     Ihe   chain was  broken when  the   voltage  «xlM- 

«.*«   «f   fche   oressure  window,   at  which 
_ fell   on  the   generator   side   .1    the   9™** 

e,,.-rf < ^«ntlv  creat   to   inhibit point   the  pressure  was   sufficiently  gr« 

breakdown. 

[ Several  other  pictures  were   tay.en following   the 

sane  orocedure,   and  one   of   those   is  shown in  figure  17b. 

[ n.is  shows   the   .».   characteristics  at  does  figure  17a except 

I there  is  one   spot which has  no .ate   on  the   opposite wall. 

~i,  AiA   rot   traverse   the  full  gap 
Ihis  indicates   that   the   spar«  did  not   tiav 

»»«n«-   -o-olane   discharge.     Another width but  occurred  as   a  point-uO-piane 

interesting feature   of   this   picture   is   the   apparent gap   of 

about  on=-hal£   wavelength between one   set  of   spots.     This 

109 CONFIDENTIAL 



CONFIDENTIAL 

{ would imply that either the breakdown occurred at a low- 

voltage point, which is hardly likely, or that the spark did 

not touch either wall but was point-to-point in nature. 

Whether this is true or the print is merly misleading, is 

difficult to say on the insufficient evidence available at 

this tine.  The spacing of the spots in figure 17b are very 

close to one-quarter wavelength or multiples thereof. 

Some comments of a more general nature are in order 

at this point.  The record of a spark breakdown within a 

waveguide is an innovation in the field.  Previously, photo- 

graphs had been obtained of low frequency and cavity dis- 

charges, but the photographs presented here are unique.  The 

r 6reat amount of detail shown on these pictures reveals a 

significant amount of information concerning the breakdown 

Process.  It indicates that breakdown is often initiated by 

nore than a single electron.  Ihis is shown first, by the 

cluster of marks in a single area, which indicates that 

several sparks crossed the gap independently.  The premise 

is also substantiated by the forked nature of the other 

spots.  ihis indicates that several electrons initiated 

sparks which were originally independent, but were suffi- 

ciently close to be Joined in a common path.  This is as one 
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might expect, inasmuch as a single electron, which creates 

an avalanche, loaves in its «eke a cloud of positive ions 

which then attract any Other electrons. 

Another significant feature of breakdown is re- 

vealed by figur. 17b.  Here it can be seen that the spark 

does not always cross the entire gap.  This is not surprising, 

if one considers that the spark is the result of an avalanche 

initiated by a single electron.  Since this electron is 

created at some internal point, it is plausible that the 

spax-kov.r should occur between this point and that wall which 

is instantaneously at a positive potential with respect to 

ground.  Such a sparkover will distort the field, so that an 

increaced gradient is created between the wall at negative 

potential and the internal point where the spark originated, 

ihis will serv« to promote another spark in the region, and 

by a chain reaction the entire space between the walls may 

be covered.  However, it Is possible that the initial point 

was sufficiently close zo  the wall, at positive potential. 

that the initial spark did not distort the field significantly. 

Cr else the time involved for the entire process to occur. 

and the voltage phase at the time of initiation, right be 

such that the entire gap was not traversed.  It should be 

noted here, that there was no assurance that the spark 
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crossed the entire gap. even in those cases where spots 

appeared on both vails. VhlB  uncertainty is due to the fact 

that the photographic paper will, pick up the light fron a 

short distance away.  However, the nature of the paired 

spots, and the fact that the spots do not always occur in 

pairs, is a good indication that the entire gap was actually 

traversed in those instances. 

Further information about the spark itself is re- 

vealed by the spacing of the spots.  These spaces are nearly 

one-quarter waveguide wavelength in every case.  This indi- 

cates that the spark represents a very high admittance which 

approximates a short circuit. 

A3 has been stated before, the means of location of 

the region of breakdown, and the results obtained, are a dis- 

tinct contribution to the study of microwave breakdown.  How- 

ever, it should be recognized that the method has several 

limitations.  First, in order to use the photographic paper 

the breakdown section must consist of flat surfaces which are 

accessible from the outside.  This is necessary in order to 

satisfy the assumption that the paper does not change the 

field configuration thus affecting the voltage gradient and 

the region where breakdown occurs.  Second, there is the 

necessity of loading the caper in subdued light, and then 
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developing the paper after the tests are completed.  The 

first objection can be a very severe limitation in the study 

of the breakdown of the complicated waveguide components. 

iherefcre, more work should be done to improve the general 

technique and thereby overcome this limitation.  One such 

attempt might involve an investigation into the use of some 

light sensitive liquid, which can be applied directly to the 

walls of the test piocu. 

9.  Mcasur-.m.nt of The Effect on Peak-Power Breakdown of 
Various Design Parameters 

9.1  PruSSUTo 

Pressurization of waveguide components with air or 

some other insulating gas is a widely used technique for 

increasing the power carrying capacity of a radar system. 

On the other hand, this program used evacuation of the test 

piece as a technique for inducing breakdown with the limited 

amount of available power.  Therefore, the range in which 

the extrapolation of breakdown power vs pressure data above 

and below atmospheric pressure is valid, had to be determined. 

rtS shown by the data, figure 12 is linear over its 

entire range and figures 13. Ik,   and 15 are linear for higher 

Power and pressure.  If it is assumed that the linear region 

is more reliable, then it is established that the natural 
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logarithm of power versus the natural logarithm of pressure 

curve is a straight lino.  Thi3 means that the breakdown 

power is a function of the pressure raised to some power. 

First, assume 

exponent 
power = constant x pressure 

or, P = Kp
n 

Then, In ? = In K + n In p 
In ?1 - In P2 

Slope of In P vs. In p - -iTr^r-_ in p2 

Slop< 
In K ^  n  ln_pl-   In  K_- n In p 

In pi - In p2 

slop« = n 

Therefore, if the curve of In power vs. In pressure 

is linear, then the slope of the curv* is the exponent to 

which the pressure must be raisud.  This exponent varied 

from a maximum of 2.0Ö in figure 12 to a minimum of l.Qk  In 

figure 13; thu mean was 1.95.  For breakdown under low- 

frequency conditions, the corresponding value was 12, which 

was arrived at by a consideration of Paschen's Law.  This 

Law stat.s that the breakdown voltag. is a unique function 

of pressure tim.s the gap width.  Since the voltage was 

approximately proportional to the gap width, this means that 

the breakdown voltagu was very nearly directly proportional 

to the presaure.  As a consequence, thu breakdown power is 

proportional to the square of the pressure and the exponent 

is 2. 
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'9 Tho  close  agrucmunt bet%feen  the mean value  of  1,9$ 

and   th.   low-lrequoncy  value   01   2  was  gratifying.     Ihis  pro- 

vided  a  ch.ck  on   the   accuracy   of   the  measurements,   and  it 

justified   the  extrapolation  of   the   data   to  higher  values   of 

pressure, 

Additional  breakdown power  vs  pressure  data   to  be 

presented  later   in   this  report  indicates   that  a  linear 

relationship  between  In power   and  In pressure   existed  from 

at least 3   inches   to  1+0  inches     of  mercury   (absolute 

pressure). 

■ 

9.2     Pulse  Duration 

To  investigate   the   variation  of  pulse  width and 

repetition  rate   on peak-power  breakdown,   the   standard   tapered 

waveguide   section  of   1-inch  x  l/2-inch x   .O^-inch  waveguide 

was  used   (se«  figure  I4.). 

A  chart  showing   the  different pulse   widths   and 

repetition  rates   tested   is   shown  in   table   3.      Included   in 

this   chart   are   the   slopes   of   the   In power  vs   In pressure 

curves   obtained from  the   data. 
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THDLE   3 

PÜL3E  WIDTHS   AND  REPETITION  RATES 
USED  IN BREAKDOWN  IE3TS 

Pulse   Width 
(microseconds) 

o.k 

0,0 

1.2 

2.35 

3.55 

Repetition Rate 
pulses por second 

300 IfOO 

2.6 

2.36 

2.13 

2.17 

2.3 

2.U 

800 

2.35 

2.11+ 

2.2 

2500 

2.5 

The number of variations of pulso widths and 

repetition rates was limited by the equipment available. 

Since the values used encompass nost of the useful radar 

range, this data is considered sufficient.  Only one point 

was taken at 300 pps.  Since this point was so close to i;0C 

pps it was felt that the data would be inconclusive, and 

further testing at this repetition rate was discontinued. 

Some of the data that was obtained is plotted in figures 19 

and 20 in the form of In breakdown power vs In pressure for 

different pulse widths and repetion rates (see tenth Interim 

report for complete presentation of the data).  Figure 19 

contains the data on the variation of pulse width as the 

repetition rate was held constant at l^CC pps.  In figure 20 

the pulse width was held constant at 0.1+ microsecond and the 
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repetition rate was varied.  All the curves are straight 

lines with approximately the sane slope which varies from 

2.1 to 2.5 as compared with data in the seventh report.  This 

indicates a slope of 2.08 for the same test section. 

Since the relationship between power and pressure 

is     power = (constant) x (function of repetition rate) 
,        »exponent 

x (function of pulse width) x (pressure) 

x (function of other parameters), 

it was decided to plot a family of curves of power vs pulse 

width at a constant repetition rate, with pressure as the 

parameter.  By this method, the effect of the known parameters 

of repetition rate and pressure were eliminated and the effect 

of pulse width could be determined. 

This was done on a logarithmic scale since it was 

expected that the function would be exponential.  This data 

is shown ir. figure 21.  It can be seer from this graph that 

all of the curves are straight lines, which indicates that 

the exponential assumption was correct. 

The data taken at a .3.55 microsecond pulse width 

was not plotted since at this point the curve tended to 

flatten and the data was almost identical with the 2.35- 

.„«„—„„„H mils«   The ^ata for a constant repetition rate 
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of   600  pps   and  varying  pulse  widths  yielded   curves   similar 

to   the   curves   shov.-n  in  figure   21,      In  figure   22,   the   slopes 

of   the   various   curves   of   figure   21   are   plotted  as  a  function 

of   pressure.     It   can  be   seen  fron   this   curve   that   the   slope 

variation  with pressure   was  very   snail,   which raeans   that   the 

affect   of   pulse  width  is   independent  of   pressure.     The   average 

value   of   the   slope   was   0.36  which  is   very  close   to   the   decimal 

equivalent  of   the   fraction  1/3.     Therefore,   for   convenience, 

the  peak-power,   to   close   approxination,   is   inversely pro- 

portional   to   the   pulse  width raised   to   the   1/3  power   in   the 

range   fron  O.l*.  to   2.35 nicroseconds. 

Ihe   data  obtained  on pulse   width  and  repetition 

rate   can  be   compared  with  information   contained  in   several 

references57'65,67.      In   the  M.I.T.   report  on microwave  break- 

down,65   data   on   the   effect  of   pulse   width upon  breakdown   is 

analyzed  and  a  relationship  between power   and  pulse   width is 

established.     Tests   were  nade  using pulse  widths  between  C.2 

and  5  microseconds   at  a repetition rate   of   500  pps   in   the 

1-inch x  1/2-inch  x   .0^0-Inch waveguide.     It  was   concluded 

that   the   peak-power   carrying   capacity   varied   inversely   as   the 

square  root  of   the   pulse   width for pulse  widths  less   than 2 

microseconds.     Above   2.5 microseconds   the   pulse  width has no 

elfect. 
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Ihe  K.I.i.   data  compares  favorably  vith   the  data 

contained  In   this   report,   where   power varies   inversely   with 

the  pulse   width  to   the   1/3  power.     Also,   the   data  presented 

in   this  report  shows   that   the  power-handling   capacity  is 

essentially   the   same  for  2.35-   and  3.55-nicrosecond  pulses. 

Oils  agreement  was   expected,   since  beyond  a   certain value   of 

pulse  width  there   is   sufficient   time   for   the   formation   of   a 

spark,   so   that  increasing   the  pulse   width should have   little 

effect. 

There  are   two reasons  for   the   discrepancy between 

the  values   of   1/2   and  1/3  for   the  exponent:     first,   the   test 

piece  used  by  K.I.:,   was   a  reduced-height  section  of  wave- 

guide,   which means   that  an  extrapolation  of   the  data was 

necessary   to   obtain  the   final   values;   and  second,   the  M.I.T, 

data  was  not   consistent.     An  examination  of   several  of   the 

curves   presented   indicated   that  a  value   of   1/3 for   the 

exponent   is more   in  agreement  with   the   data   than  a value   of 

1/2. 

Ihe   effect   of   pulse   width  on  breakdown  power   in 

hydrogen  gas   is  discussed by Lathrop  and Brown -•    .     Ihis 

work  was   done  with a  resonant  cavity  in   the   lC.7-cm range 

(2ÖCC  mc),   with pulse  widths  varying from 1   to  oC  microseconds 

at  a  repetition rate   of   5C  pps.     Ivo  curves   of  breakdown 
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field  V3  pulse   width were  plotted  with pressure  as   a para- 

meter,   one   ccntainins  pressures   to   the  right  of   the  knee   of 

the   Faschen  curve  for  hydrogen  and   the   other   to  the   left  of 

the   knee. 

Several   things  are   apparent  fron  these   curves. 

First,   as   the   pulse   width was   increased fron 10   to  $0 micro- 

seconds,   the   oreakdown  field  remained  approximately   the   same. 

On  a  quö-.itative  basis,   this   agrees   quite   well  with  the   data 

in   this  report.     Exact   quantitative  results  were   difficult 

to  obtain,   since   the   curves   are  not   too  well   defined  at  low 

pulse  widths,   ar^   the   data  was   taken  in hydrogen which might 

exhibit different breakdown  characteristics  than  air. 

% Secondly,   in   the  region from  1   to  1C microseconds   the  break- 

down-field  vs  pulse-width  curve   appears   to be   exponential; 

but  again,   no  quantitative   results   can be   obtained.     Ihirdly, 

it  is   to  be   noted   that  Lathrop  and Brown^',   together  with 

rrowse67,   plotted   their  data  with pressure  as   a parameter, 

indicating   that   the  relationship  between  peak-power  cipacity 

and pulse  width might  be   a  f'unction  of   pressure. 

An  examination  of   the   curves   oy Lathrop   .and Brown 

indicates   that  from pressures   of   2   to  32 m  of  mercury   the 

relationship  remains   essentially   the   same.     Io  substantiate 

these   views   at  the  higher  pressures  used  on   this   project 
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(5   to  1C   inches   cf  narcury),   figure   ^2   contains   a   curve   show- 

ing   Cha   variation   of   the   pulse-vridth exponont   as   a  function 

of   pressure.      Ihe   almoac  constant  slope   of   the   curve   indicates 

that  press-ore   is  net  a factor  in determining   the  pulse-width 

vs  peak-power   carrying  capacity  relationship. 

9.3     Repetition Rate 

The   data  on   the   effect  of   repetition rate  upon 

peak-power  breakdown  was   presented   in  conjunction with  the 

pulse-duration data  in paragraph 9.2. 

In  considering   the   effect  of   repetition rate   on 

peak-power  breakdown,   a family  of   curves  was  plotted  of  power 

vs  repetition rate  at  a  constant pulse   width  of   O.U micro- 

second,   with pressure   as   the  parameter.     Ihe  relationship 

between  power  and  repetition rate   was   assumed   to  be   expo- 

nential   and   a  log-log  graph was  utilized.      Ihis   is   shown  in 

figure   23. 

An examination  of   these   curves   shows   that   they  are 

straight  lines  with approximately   the   same  slope.     In order 

to  illustrate   the   independence   of   the   power-repetition-rate 

relationship   upon pressure   and   to   obtain   the   exponent,   the 

slopes   of   the   curves   of   figure   23  were   plotted  as  a  function 

cf  pressure.     Ibis  is  shows in figure  21*.     The   slope  is 
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«ssentially constar.'- with press-ore and has a» average value 

of .Cc7.  Further examination of the data indicates that the 

repetition-rate exponent remained essentially constant as the 

pulse width was varied uP to 3.55 r.icrcseconds.  There!ore . 

to a close appro;:ir4a'icn the power is inversely proportional 

zo   the repetition rate raised to the l/lS power in the region 

from 4-00 to 25C0 pps. 

Prowse07 discusses the breakdown fields in wave- 

guides at 9375 mc (3.2 cm)   using air and neon at pressures 

from 2 to 30 n> of mercury.  Ihe pulse width was varied from 

1 to 2 microseconds and the repetition rate from 200 to 600 

Pulses per second.  No quantitative analysis can be performed 

since the pressure» are very close to the kr.ee of the Paschen 

curve and the data is not zoo  well defined.  However, it is 

apparent that ehe pulse width and repetition rate influence 

the power-handling capacity of waveguides in a fashion 

similar to that indicated by the results in this report. 

The M.I.T. report57 also discusses the effect of 

repetition rate on peak-power-handling capacity at 9375 mc, 

and is concerned with the range of 500 to 2C0C pulses per 

second and a pulse width of 1 microsecond.  An expression 

is arrived at« that 

Peak power = t50CC - HR) 
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't Comparing this result to ehe relationship obtained from the 

„ -I-.J-J   *-vr.-»-   horause   the data  in   this   report,   it   can  o«   eOB^^adS   p**  -ecaua^ 

K.I.I.   data  is  not   too  consistent,   the  M.I.T.   expression may 

be   accurate   over  a  small  range,   but   that   the   exponential 

relationship  where   the  peak-power   capacity  varies   inversely 

with  the  repetition rate   to   the   l/l5  power  is  more  nearly 

correct.      (See   tenth  interim report  for   further  discussions.) 

9.1+    Fulse   Shape 

Ihe most common way of measuring pulsed peak power 

is to measure the average power and convert to peak power by 

dividing by the duty cycle.  tlhis method was adopted for | 

these tests.)  It assumes an ideal rectangular pulse shape. | 

However, actual pulses have finite rise and decay times and | 

uneven tops.  Therefore, the calculated peak power did not 

correspond to the actual peak power to which the test piece 

was subjected and this lead to errors.  In addition, the top 

of the pulse shape may suffer from overshoot on the leading 

edge and ripple or fluctuation of the top of the pulse.  The 

ripple and overshoot voltages definitely had an effect on the 

peak-power breakdown for which It was difficult to compensate. 

.hese effects could be remedied in two ways.  First the pulsing 

network could be designed so effects were held to a minimum. 

Second, the magnetron could be operated at the same drive 

K 
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voltage for all tests so that whatever portion of these 

effects could not be elininated. could be held constant. 

This approach was implemented by utilizing a waveguide power- 

divider network to obtain changes in power level to the test 

Piece.  in addition, pictures of the r-f pulse indicated that 

the pulse shape was reasonably good. 

9,5 Mechanical Finish 

Three pieces of waveguide were fabricated with 

different values of roughness on all four walls in order to | 

investigate the effect of surface roughness on peak-power I 

capacity.  Uhe definition and measurement of an RK3 finish | 

is contained in paragraph ^.3.  After the completion of the | 

tests the RM3 values of the pieces were measured and found 

zo  be as follows: 

a. piece number one varied from 300 to WO RMS 

b. piece number two varied from 550 to 650 HMS 

c. piece number three varied from 650 to Ö50 RMS 

Since these values are higher than those normally encountered. 

they represented an extreme condition of surface roughness 

and\s such formed an upper limit, above which no practical 

application exists.  For example, drawn brass waveguide is 

generally better than bi. RMS.  These tests were valuable 
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since the data indicated breakdown values which are con- 

iderabiy better than those of most waveguide components. 

The data on the throe test pieces are plotted in 

figures 18, 258 and 26.  As shown in the figures, the slope 

f the in power vs In pressure curves remains essentially 

tant at 2.0, which is the same as the slope for a standard 

waveguide section.  By extrapolation of the curves, the peak- 

power capacity at atmospheric pressure was found to be: 

«4«r« munber one (3C0-L0C RMS) - 89 percent of the full a. piece number one vj^w * waveguide power carry- 
ing capacity, or 1.23 
megawatt. 

*-   ~ i ccn  ACn R;-^') - 82 nercent of the full 
b. piece nu.-r.oer two (550-650 RHSJ   ^v^ulde p0Wer carry- 

T ing capacity, or l.lk- 
megawatt. 

c. piece number  three   (650-650 BUS)  -  * percent^th^ 
carrying  capacity or 
1,03 megawatt. 

ihus.   it  is   seen   that   the   300-^00  RMS  finish,   which  was  worse 

than  that  generally  encountered  in  practice,   could   carry  91 

percent  of   the   full  waveguide   power   carrying  capacity.     This 

is   considerably more   power   than most  waveguide   components 

will   carry  and  enables  a  relaxation  of   surface   finish sped- 

fications   on many   components. 
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t*- 9.6     Nature   of   the   Gas 

a.     Introduction 

A  complete   investigation  of   the  nature   of   the   gas 

upon peak-power breakdown  was   obviously beyond   the   scope   of 

this  progran.     However,   it has  been  suggested  in   the  lltera- 

ture(96)   that  other  gases   would  be  preferred   to  air  in 

applications  where  high-voltage  gradients   are   encountered 

because   of   their  superior   insulating properties.     One   such 

gas   is   sulphur  hexafluoride   (SF6).     This   gas  has   several 

desirable  features.     It  is   colorless,   ordorless  and non- 

toxic.     For   these  reasons,   sulphur  hexafluoride nay  be  use- 

ful   in high-power  radar  systems   and   therefore   its   peak-power 

breakdown  characteristics  were   investigated. 

Three  different   test pieces   were  used  in measuring 

the   effect  of   the   gas  upon peak-power  breakdown.     The  first 

I test piece  was   the   standard   tapered  section   (see   figure   27) 

used   to  find   the  peak-power   capacity   of   1-inch x l/2-inch 

x   .050-inch waveguide.      The   second  test piece  was   a  section 

of   standard 1-inch x 1/2-Inch x   .050-inch waveguide   con- 

taining   two hemispherical  bumps   as   shown   in  figure   26.      The 

I bump   section  was   suggested by  Wheeler Laboratories  20     for 

the  purpose   of   standardizing   the   breakdown  tests  made   in 

various  laboratories   throughout   the   country.     It  also has   the 
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.dded advantages of breakdown at considerably lower power 

than the waveguide and of being easily matched.  The partic 

ular unit used had O.l^O-inch radius bumps and a V3WR of 

1.09 at 9375 mc.  Wheeler Laboratories claim that the 

hemispherical bump or spark gap section will breakdown at 

one-ninth of standard waveguide power.  The third ^UC&' 

similar to the one used by Posin. Mansur and Clarke  ^ , was 

a swayback test section in which the inner dimensions of 

standard 1-inch x 1/2-inch waveguide was gradually tapered 

from 0.900-inch x C.^O-inch to a 0.900-inch x 0.012-inch 

cross section as shown in figure 29.  In this manner the 

V3WR was kept low.  The swayback was computed to carry l/33 

of standard 1-inch x 1/2-Inch waveguide power capacity on 

the assumption that the field gradient required for break- 

down was constant.  A swayback section 2.5 feet long was 

selected as a compromise between match and length.  It had 

a VSWH of 1.6 at 9375 mc which did not adversely affect the 

oscillations of the magnetron.  As the frequency was varied 

the V3WR did not exceed the value at 9375 mc.  At frequencies 

above and below this value, such that the gap length was an 

odd multiple of quarter wavelengths, the swayback approached 

a matched condition.  This indicated that the swayback could 

be considered as a mismatched cavity formed by two lumped 
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s^captance^.     In  computing  the  field gradient  In the  gap  at 

breakdoKn,   the  e«ect ol   the   atandlng «av.   In  the   cavity was 

included« 

Three methods of pressurlzatlon were employed In 

the SF6 tests.  The first one utilized basically the same 

test circuit that was used for previous tests with the 

addition of an adapter to inject the gas into the test piece. 

Xn order to obtain the data, the test section was evacua-. 

with the gas tank closed from the rest of the system.  The 

best vacuum obtainable from this arrangement was 1.8 inches 

of mercury, absolute pressure.  When this vacuum was achieved. 

the 3F6 gas was fed into the test piece until the desired 

- rthi-«4nad   The power was then varied until pressure was oboainea.  xxw ^«ww 

breakdown occurred.  Ihe gas mixture in the test section was 

estimated to be more than 60 percent SFb.     This method of 

obtaining the data will be referred to as the single 

evacuation method. 

The second method of pressurizing the test section 

was similar to the single evacuation method.  The test section 

was evacuated to 2 inches of mercury while it was isolated 

from the 3Fo supply.  When this vacuum was achieved, the gas 

„as fed into the test piece until the pressure reached one 

atmosphere absolute.  Then the gas tank was closed off from 
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%.»•- the system, and the test piece was again evacuated to 2 inches 

of mercury.  The gas vas again fed into the test piece until 

the desired pressure was obtained.  Assuming a perfect mix- 

ture of air and gas when the test section was raised to 

atmospheric pressure, a simple calculation indicated that the 

residual air in the test section was reduced from 2 inches to 

0.07 inch of mercury.  The power was then increased in small 

increments until breakdown occurred.  The amount of gas in 

the test piece during the tests was estimated to vary between 

93 and 98 percent.  This method of obtaining the data was 

referred to as the double evacuation method. 

The third method of pressurization used to inves- 

tigate the breakdown of sulphur hexafluoride gas was referred 

to as the balanced rate method. The   test circuit is shown 

in figure 30.  In the balanced-rate method, the test section 

„as evacuated to two Inches of mercury absolute pressure and 

filled with sulphur hexafluoride gas to one atmosphere abso- 

iute.  ihen the pressure desired in the test piece was attained 

by adjusting the input and output valves until the amount of 

gas removed from the system by the pump, which was left on 

during the tests, was balanced by the amount of gas injected 

plus whatever air leaked through the waveguide pressure seals. 

This method assured a constant gas pressure of essentially 
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uniform  composition   throughout   the   duration  of   the   test. 

The   effect   of   gas   turbulence   in   this  method  was   kept   to   a 

minimum by maintaining   a   slow  gas   flow rate   through   the 

test  piece. 

The   data   obtained   on   the   breakdown   of   sulphur 

hexafluoride  gas   is   shown  in  figures   27,   26,   and  29  in   the 

I form  of   in  power  vs  In pressure.     Figure  27   shows   the  data 

for   the   standard  l-inch x l/Z-lnch  x   .C50-inch waveguide 

I test   section  obtained by   the   three   pressurization methods. 

I Figures   23  and  29  show  similar  data  obtained  for   the  hemi- 

| spherical  bump   and   the   swayback  tost pieces  respectively. 

| All   the   curves   are   straight  lines  with approximately  square- 

I     C law  slopes.     Ihe  displacement between   the   curves  obtained  on 

each  test piece  by   the   various  pressurization   techniques 

indicates   differences   in power   capacity. 

The   results   of   the   tests   are  presented  in   table  1+ 

as   a  ratio  of   measured  power   carrying   capacity   of   the   com- 

ponent,   when filled  with  sulphur  hexafluoride  gas  by  a 

particular pressurization method,   to   the  power  capacity  when 

filled  with air.     It  can be   seen from  table   k  that   the   slopes 

of   the   in power  vs   In pressure   curves  for   all   test  sections 

and methods   conformed  approximately   to  a  square-law rela- 

tionship.     This   square-law relationship has   been  observed 

„.any   times  before   for   the  breakdown  of   components   in which 
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there  were   at  least  an  approximately  uniform E-field.     It 

Indicates,   although not   con-luslvaly,   that   the  power   carrying 

capacity   of   the   three   test  sections   differed because   of   the 

size   of   the  breakdown gap   and   the   composition  of   the  gas 

rather   than because   of   a non-uniform field  In   the  breakdown 

region. 

TABIfi  k 

SUMMARX OF BREAKDOWN iE3'i3 FOR 3F6 GA3 

Test Section 

Pressur- 
ization 
Technique 

Standard 
Waveguide 

Power 
Ratio 

• lope 

Single- 
Evacuation 

Double- 
Evacuation 

Balanced- 
Rate 

1:1 

1.2:1 

6:1 

2.0 

2.0 

1.8 

Hemispher- 
ical Bump 

Power 
Ratio 

air 

Swayback 

Power 
Ratio 

Slope I SF/ 

air 

1.3:1 to 
2.8:1 

No test 

2.0 
1.9 

No test 

i+:l 

6:1 1.9 i 13:1 

Slope 

Insuf- 
ficient 
Data 

2.1 

b.  Variation of Power Carrying Capacity with Pressurization 
Technique 

For the standard waveguide test section, the data 

indicates that the relative power carrying capacities for 
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sulphur  hexafluoride   (SFfe).   injected by   the   slngle-evacuation. 

double-evacuation and  balanced-rate methods,   were   in  the  ratio 

1.1:1.2:6.     Similar  results,   indicating   that   the   greatest 

relative  power   carrying  capacity  for  a  component  occurred for 

the  balanced-rate method,   were   observed  for   the  hemispherical 

bump  and  swayback  sections.     The   results  of   the  balanced-rate 

method  were  probably  higher   than either   the   single-   or  double- 

evacuation methods  because  it provides   the  greatest purity  of 

SF6 gas.     Ihe   superior  breakdown  characteristics   of   this  gas 

as   compared   to  air have  been attributed  by Schumb,   Trump,   and 

Priest98   to   the  relatively  3 arge   collision  cross   section  of 

the  gas molecule   and   the   affinity  of   it and  its   dissociation 

products  for  the  attachment of  electrons.     For uniform-field 

breakdown,   it was  expected   that   the   dielectric  strength of 

100-percent  SF6 gas  would  be  reduced  by mixing  it with a gas 

of   lower  dielectric  strength  such as   air.     Thus,   the  break- 

down  of   a  gas  mixture   composed  of   varying percentages   of   3F6 

and  air  would vary  from a maximum for   100 percent SF6   to  a 

minimum for  100 percent  air.     In using   the   available  equip- 

ment,   the   balanced-rate  method  came   closer   to  attaining 100 

percent 3F6   than either   the   single-   or  double-evacuation 

methods.     The   inherent weaknesses  in   the   ability  of   the 

single-   and double-evacuation methods   to provide  high gas 

purity was   attributable   to   two  conditions.     First,   the  pumping 
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equipmant did not remove the residual air from the test piece. 

(The lowest attainable vacuum was two Inches of mercury.) 

Initially, therefore, a comparatively large amount of air was 

left la the test section, which contaminated the SF6.  Secondly, 

additional contaminating air entered from the outside through 

the waveguide pressure seals because of the pressure differ- 

| entials existing during the tests.  Ihls leakage further re- 

duced the 3F6 gas purity.  If these limitations could be 

1 removed by application of high-vacuum techniques, it is 

expected that the single-evacuation method (double evacuation 

would then be no longer necessary) would provide the same 

results as the balanced-rate method and would have the further 

r benefit of not consuming 3F6 gas so extravagantly.  Since 

high-vacuum techniques are beyond the scope of this program, 

the balanced-rate technique was found to be the superior 

method of presaurization. 

c.  Variation of Power Carrying Capacity with Different 
Test Sections 

As previously stated, the data on the standard wave- 

guide utilizing the balanced-rate method indicated a power 

carrying capacity ratio for SF, to air of 6:1; for the single- 

and double-evacuation methods it was only 1.1: and 1.2:1, 

respectively.  In most applications, 3F6 gas was used to 

increase the power carrying capacity of waveguide components. 
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If   tho   purity  of   the  gas   could  be   kept high,   an increase   in 

power   carrying  capacity  of   6:1   could  be   expected for   these 

components. 

The   data  on  the  hemispherical  bump   section was   ob- 

tained  by   the   single-evacuation  and balanced-rate methods  and 

resulted  in power   carrying  capacities   of   1.3:1 to  2,8:1  for 

single   evacuation,   and  6:1  for  balanced rate.     With  the 

single-evacuation method,   as   can  be   seen  in figure   28,   the 

power   carrying  capacity  of   the   bump  section  changed  abruptly 

at  15.6  inches   of  mercury,   absolute  pressure,   from 1.3:1 

below   to  2.8:1  above   the  bend  in   the   curve.     An  abrupt  change 

was  not  observed  for   the  balanced-rate  method.     Therefore,   a 

change   in   the   breakdown mechanism for   the  bump  structure   as 

was   suggested  in   the  fifteenth report  is  highly unlikely. 

The  probable  explanation  is   that   the   gas  purity  increased  at 

pressures   above   15,6  inches   and  resulted  in  an  increase   in 

power   capacity,   as  prdviously   commented upon. 

The   data  on   the   swayback with  a   ,012-inch gap  indi- 

cates   a  13:1  ratio  in power   carrying  capacity  for  SF6  to  air 

for   the  balanced-rate  method,   and  a l*.:!  ratio  for   the   double- 

evacuation method.     The  major  portion  of   this  difference   can 

probably  be attributed   to  variation  in  gas  purity  for   the   two 

methods.     The  11:1  power  ratio  reported  in  the   sixteenth 
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report  for   this   swayback  la   an  average   value   obtained  for 

several   different  pulse  widths   and  repetition rates,   whereas 

the   13:1  value   of   this  report pertains   to  a  1.2-mlcro3econd 

pulse  width  and   an  800-pps   repetition  rate. 

In  addition   to  variations   in   the   results   on  the 

various   test pieces  due   to  gas  purity,   it was   Indicated  in 

the   sixteenth report   that  a   change   in   the  breakdown mechanism 

could  also   cause   variations.     Pashen-s   law  states   that   the 

voltage   gradient  required  for  breakdown  is   a function  of 

pressure   and gap  width.     For   the  range   of  pressures  used  in 

the   tests,   the  gradient  increased  slightly  as   the   gap  width 

was  reduced.     The  magnitude   of   this  phenomenon  was   obtained 

by  comparing  the   breakdown  voltage  gradient  for  air   in   the 

standard  waveguide   and  the   swayback   test  sections.     For   this 

purpose,   the  ratio  of   the   effective  power   (effective  power  is 

the  power   causing   the   swayback  section   to  breakdown   taking 

into  account  the  presence   of   standing  waves)   to   the measured 

power   of   the  generator was   determined   to  be  1.23  utilizing 

equation   (LiJ). 

The  peak-power   carrying  capacity  of   the   air-filled 

swayback  at atmospheric  pressure  was  measured  to be   53  kw. 

and   thus   the  effective  power  was   bS kw.     The  power   carrying 

capacity   of  0.900-inch x  0.i|00-lnch rectangular  waveguide  was 

. 
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scaled to 0.900-inch x .012-Inch waveguide on the assumption 

that the field gradient required for breakdown is relatively 

constant.  (Refer to equation (1^2.)) This calculation indi- 

cated that the power carrying capacity of the swayback is 

1/33 of standard 0.900-inch x O.i^OO-inch waveguide, or 1+if kw. 

Thus, the ratio of the measured to the scaled value for the 

breakdown gradient was 1.5 in power or 1.23 in voltage.  The 

enormous change in the gap height required to produce a 23- 

percent increase in the breakdown voltage gradient demon- 

strated why this phenomenon can be neglected for most radar 

applications.  Independent experimental results verifying the 

experiments conducted under this contract have been obtained 

by Herlin and Brown14"0.  They measured the breakdown gradient 

of air for various pressures and gap heights in a cylindrical 

cavity az  2000 mc.  Figure 5 of their paper contains a curve 

of pressure times wavelength (pX) vs voltage breakdown 

gradient per unit pressure (E/P) for a number of cavity 

heights (L).  Data was taken for values of pX up to 300 mm 

of mercury per cm and for values of L ranging from .0635 to 

7.62 cm.  The results indicate that variations of as much as 

J4.:l in voltage breakdown gradient can occur for the range of 

gaps measured.  The appropriate value for pX in the present 

experiments was 2200 mm of mercury per cm which is outside 
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the range of Herlin and Brown's data.  Extrapolation of their 

data to this value is of doubtful accuracy since the curves 

are not linear.  However, qualitative estimates based on the 

Herlin and brown data of the difference in voltage gradient 

between the two gap heights, corresponding to the standard 

waveguide and swuyback test sections, indicated the same 

effect and order of magnitude as were observed in the data 

reported here. 

A similar analysis of the data for the 3F6-filled 

swayback and standard waveguide test sections was made.  The 

ratio of the measured value of the breakdown gradient of SF^ 

for the swayback (compensated for the standing wave by 

equation Ci|3)) to the value scaled down from the measured 

value for standard waveguide was 3.2 in power or 1.6 in 

voltage.  It is very likely that the same gas purity was 

attained by the balanced-rate method for both test sections. 

Therefore, the major reason for th j difference in breakdown 

power was probably the size of the breakdown gaps.  It is 

seen that the change in gap produced an ÖO-percent increase 

in breakdown voltage gradient for SF6 and only a 25-percent 

increase for air.  Unfortunately, the literature does not 

reveal any information on the breakdown of SF^ as a function 

I 
i 
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of gap size which might support this  result.  However, the 

heavier SF6 molecule can certainly be expected to have 

different physical properties than air. 

From this discussion it can be concluded that the 

balanced-rate method is the superior pressurization technique. 

Increases in power capacity of the order of 6:1 for waveguide, 

and waveguide components and 11:1 for gap widths In the order 

of .012 inch are to be expected with the use of SF6 gas.  It 

should be pointed out that the increase in power capacity of 

StV to air of 10.5:1, as reported by Kaplan1^9 and Sutherland 

was obtained from data taken on swaybacks with gap widths that 

correspond to the swayback gap size reported here.  The two 

sets of data agree very well.  However, their reports claim 

that the value of 10.5:1 will hold for waveguide and waveguide 

components.  This extrapolation of their data to larger gap 

widths is incorrect because, as pointed out in this report 

and in the work by Herlin and Brown, the voltage gradient 

required for breakdown varies with gap width.  Therefore, the 

factor of 6:1 for waveguide and waveguide components appears 

to be the more correct figure. 

Data is presented in the sixteenth interim report 

in which the balanced-rate method was used to investigate 

the effect of variation of the pulse width and repetition 
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rate on the peak-power breakdown of the SF^filled swayback 

section. The results indicated that the breakdown power of 

3P,-filled waveguide is inversely proportional to the pulse 

width raised to the 0.22 power in the range from 0.1| to 1.2 

microseconds and Inversely proportional to the repetition 

rate raised to the 0.12 power in the region from i|00 to 2500 

pulses per second. 

^3*3 CONFIDENTIAL 

9.7  Plating Material 

The most common radar application of plating mate- 

rials is undoubtedly the anodization of aluminum waveguide. 

Since it would be beyond the scope of this program to inten- 

sively investigate plating finishes, it was decided to make 

a high-power test of a typical anodized waveguide. 

Aluminum waveguide is used in many radar appli- 

cations where weight is a consideration.  Prolonged exposure 

to the atmosphere causes the surface of the aluminum to 

oxidize, thereby increasing its attenuation.  To prevent 

this, a protective anodize finish is usually applied to 

aluminum waveguide.  Since this protective film is non- 

conductive, the current flows only in the aluminum and the 

amount of attenuation ir not increased. 
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9 The anodizing process may, however, affect the 

power carrying capacity of the waveguide.  Therefore an 

investigation of the effect was made.  The test piece used 

was a 3-inch length of standard 1-inch x l/2-inch anodized 

aluminum waveguide (see figure 31). 

Since waveguides used in radar applications are 

sometimes too long to fit entirely into the anodizing bath, 

they must be placed in the bath first from one end and then 

the other.  Two layers of anodizing film are deposited at 

the center of the waveguide.  This "double dipped" condition 

was reproduced in the waveguide tested.  In addition, the 

test section consisted of two lengths instead of a single 

• length of anodized waveguide, so that an anodized choke-to- 

cover flange connection would also be included.  The test- 

result points are plotted in figure 31.  For comparison, the 

curve for the standard waveguide has been included in the 

figure, and it can be seen that the test data agrees quite 

well with it, indicating that the anodizing has an insignif- 

icant effect on the power carrying capacity of a waveguide. 

9.Ö  Microwave Frequency 

The effect of microwave frequency on peak-power 

breakdown was not experimentally investigated because a 

variable frequency high-power source was not available. 
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W Howover, the theorellcal power carrying capacity of rect- 

angular waveguide is  given by equation 38. 

k     -, 2  X 
?! " 2 a b ao  X- 

AS the microwave frequency varies, the quantities 

K, a, and b (which refer to a constant of the medium, and 

the narrow and broad walls of the waveguide respectively) 

remain fixed.  Eo is the breakdown field gradient for the 

medium.  With reference to paragraph 6.1b, it was found that 

gap within a half cycle of the applied power, and therefore 

the breakdown potential is independent of frequency.  Thus, 

the quantity Eo should not change over the operating fre- 

quency band of the waveguide.  This leads to the conclusion 

that the power carrying capacity of rectangular waveguide as 

a function of frequency will vary with ehe quantity X/Xg, 

the ratio of free space to waveguide wavelength.  In the 

recommended operating frequency range of standard 1-inch x 

.050-inch waveguide (8.2 kmc to 1.21^ kmc) X/Xg will vary from 

0.60 to 0.8L). which may be considered typical for all wave- 

guide sizes.  This means that the power carrying capacity of 
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breakdown at microwave frequencies was characterized by the 

fact that some electrons and positive ions cannot cross the 
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waveguide varies by the ratio l.i|.:l over the normal operating 

frequency range.  Breakdown in other frequency ranges is 

discussed in a later paragraph. 

9.9 Voltage Standing Wave Ratio 

The po;.er carrying capacity of a nismatched trans- 

mission line and a resonant cavity will be considered in 

this paragraph.  If a transmission line is mismatched, a 

standing wave will be set up.  The effect of a standing wave 

is to increase the voltage gradiont at points along the line 

towards the generator separated by half wavelengths.  The 

circuit used to investigate this effect of a standing wave 

upon peak-power breakdown is shown in figure 32.  Inductive 

iris No. 1 was used to introduce a reflection in the line; 

different irises were used to obtain the desired V3WR's. 

Since the operating characteristics of a magnetron are such 

that load changes affect the power output, and also because 

the increase in the standing wave ratio may causs some of 

the auxiliary components in the test system to break down, 

it was decided to limit the standing wave to the region of 

the test section.  To accomplish this a second inductive 

iris, No. 2, and a phase shifter were used to cancel the 

reflections from the first mismatch.  The reactances of the 

two irises were made equal and the phase shifter was adjusted 
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• until a minimum VSWR was obtained.  A perfect match was not 

obtained in all cases because of the attenuation in the line 

between the first and second irises, extraneous reflections 

from other components, and a slight inequality between the 

two reactances.  However, the input VSWR was less than 1.5 

for all tests and was generally less than 1.2.  This value 

was sufficiently low to assure an accurate test. 

It should be noted that because of the structure of 

the circuit a resonant cavity existed between the two in- 

ductive irises.  Ihis caused increased voltages and losses 

which were considered in the formulae section, paragraph 5. 

ai 

A 

• 

Tests  were   conducted  for  voltage   standing wave 

ratios   of   1.19,   1.39.   2.0,   5.1,   and  10.0.      The  results   of 

these   tests   are   shown  in figure   33.     For  VSWR<s  up   to  2,   the 

slopes   of   the   curves   of   In power  vs  In pressure   were   iden- 

tical   to   that  for  standard matched waveguide;   for  VSWR's   of 

2,   5.1,   and  10,   the   slopes  were   just   slightly below  that 

for matched  waveguide.     The  peak-power   capacities   as  extra- 

polated   to  atmospheric  pressure   are  given  in   table   5.     It 

should  be  noted   that this data  is  not   to be  used   to  determine 

the  peak-power   capacity  as   a  function  of  VSWR,   since   the 

test   conditions  were   different  from actual  operation  condi- 

tions,   as  will  be   shown  later. 
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TABLE   5 

PEAK-POWER   CAP ACHY  FOR  VARIOUS  VSV/?.' S 

VSWR of Inductive Percent of Full 

Iris No. 1 
Waveguide Power 

1.2 95 

82 

2.0 

5.0 

60 

30 

10.0 13 

The  results   shown  in figure   33  were   expected,   since 

the   type   of   breakdown   should  remain  the   same   as   the  V3WR  was 

varied,   thus  assuring   a  constant  slope   for   the   power-pressure 

curves.     As   the  V3WR  was   increased,   the  maximum voltage 

present  in   the  waveguide   increased  and  hence   the  peak-power 

capacity  had   to  decrease.     The  data  on   the  effect  of   VSWR 

upon peak-power   capacity  was   obtained by   the   use   of   a reso- 

nant  cavity  since   this  was   the  best  way   to  avoid  loading  the 

magnetron  and  introducing  further  errors.     This  necessarily 

complicates   the   interpretation  of   the   data  and  requires   a 

more   complete   analysis  before   the   information  can be   utilized. 

However,   since   in  actual  practice   several mismatches   are 

generally  present  at   some   random  spacing which may   approach 

a resonant   condition,   this   data   is  very  pertinent.      The 
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breakdown characteristics of a single mismatch and. of a 

cavity formed by two mismatches are discussed in the formulae 

section, paragraph ^.5, and will now be compared with the 

experimental data. 

Figure 3i| shows the percentage of waveguide power 

vs VSWR for the case of a single mismatch.  The graph was 

drawn for lossless and lossy transmission lines, as described 

by equations (15) and (16).  The curve for the lossy line 

was drawn assuming 10 feet of brass waveguide (.03'i+ db per 

foot) between the generator and mismatch.  In both cases the 

mismatch was assumed uo be a pure shunt reactance.  Figure 

35 shows the percent of full waveguide power vs V3WR of one 

mismatch for the case of a resonant cavity formed by two 

properly spaced mismatches in a waveguide.  There are two 

conditions shown in this graph:  one for the lossless case 

with a cavity input VSWR of unity (equation (1?)) and one 

for the case of a lossy cavity, 3-1/2 feet long {.OSk  db 

per foot), with an input V3WR of 2 (equation (l8)).  Here 

again, the mismatches were assumed to be pure shunt react- 

ances.  The curve for the lossy line, input VSWR of 2, was 

not extended for VSWR values lower than 2 since these values 

are not realizable and have no meaning. 
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For comparison purposes, figure 36 contains curves 

of the various conditions described in equations US).   (16), 

(17), and (18).  These curves indicate that for low values 

of V3WR (under 2.0) and for the conditions shown, the differ- 

ence in peak-power capacity is 10 percent or less.  This was 

expected because, tor low values of reactance for the mis- 

match, the cavity ft will remain relatively low and will not 

give rise to a larGe increase in the maximum voltage present 

in the cavity. ka   the reactance of the mismatch was Increased 

and approached a short circuit, the difference between the 

power capacity for the lossy, single-mismatch line and the 

lossy-cavity arrangement increased until it approached 28 

percent of full power carrying capacity of the waveguide. 

In applying these equations it should be mentioned 

that most applications will lie between the two extreme 

conditions of a single mismatch and a cavity.  This is true 

because a transmission line generally contains several 

mismatches arbitrarily spaced along the line, with Insertion 

losses that will vary from one component to another.  This 

type of problem is a statistical one anc? will not be dealt 

with here. 

Before   explaining   the   practical  effect  of  V5WR  upon 

peak-power   capacity   in microwave   systems,   it  will  be  well   to 

■ 
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• compare the experimental data with information that can be 

obtained from a knowledge of the Insertion losses, Q factors, 

and reactances of the mismatches. This   will help to clarify 

the breakdown phenomena and will present a firm basis for 

the interpretation of the data.  To simplify this comparison. 

the data was replotted (figure 37) in the lorm of percent of 

full power carrying capacity of the waveguide vs VSWR of 

mismatch, along with the values obtained from the measurement 

of the insertion losses. ^ factors, and reactances of the 

mismatches. 

To calculate the power carrying capacity using 

measurements of the insertion loss of the cavity, an analysis 

• similar to that used to obtain equation (l6) was employed. 

The only difference is that in the experimental circuit the 

general position of breakdown was known; this is the position 

where the maximum voltage was determined.  The attenuation 

was considered to be linear with distance and the cavity 

input VSWR, to be 1.25.  These calculations are plotted in 

figure 37 and are shown in table 6. 
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TABLE   6 

MEASURED   AND   CALCULAIED  DATA 

Calculated  Percent  of   Power   Carrying 
Capacity   of   W-.veguidd 

heasured 
Percent 
of   Power 
Carrying 
Waveguide 
at  AtnOS-     Using  Insertion 
pheric        j   Loss  Measurements 
1-res sure I 

Using React- 
ance of Mis- 
match 

89.0 

77.0 

56.0 

26.1 

12.2 

90.5 

79.0 

55.c 

25.3 

13.5 

59. 0 

75. 0 

59. .0 

27 .8 

15 .5 

Using  Q 
Measure- 
ments 

.3 rtn   01 
Cne 
Mismatch 

12.5 

1.2 

l.h 

2.0 

5.c 

10.0 

lo determine the peak power carrying capacity using 

the reactance of the mismatch, an understanding of the basic 

properties of an iris when considered as a transformer must 

be utilised.  ihis is considered in detail by Montgomery" 

and the necessary equations are presented in the formulae 

section, paragraph U.5.  3ince the condition required for 

this report was different from that for which the equation 

was derived, the analysis must be extended to meet the present 

case.  The particular arrangement used for the breakdown tests 

-■See   re f.   79,   p.   167  and Ic2-l66 

t 11+8 CONFIDENTIAL 



CONFIDENTIAL 

ff 

! 

t 

l 

consisted of two irises so spaced as to lorn a cavity.  The 

cavity input VSWR was always less   than 1.50.  Hoveve., since 

the voltage buildup in th. cavity was a function only of the 

iris, provided that the cavity was matched and lossless con- 

n A     ^nua-ion (19) could be used as an approx- ditions prevaixed, equa-ion \x-7j 

*   ^^aQ   "Tn«qft values are shown in Imatlon for -e-ha present case.  iliese vaxuoa 

fcable 6 and are plotted in figure 3?. 

Lawson and Fano* present an analysis of a lossless, 

resonant cavity formed by two shunt reactances and derive an 

expression for the loaded Q of such a cavity.  This expression 

is presented In the formulae section, (equation (21)) and 

determir.es i as a function of the reactance of the iris (Bo). 

Since an expression for the maximum voltage (N) inside a 

cavity formed by two shunt reactances in terms of the react- 

ance of the iris has already been determined (equation (19)) 

it is possible to substitute one into the other to obtain an 

expression for N in terms of Bo.  However, because of the 

complex structure of equations (19) and (21). this solution 

is a very lengthy one.  If it is assumed that 3o » 1, then 

the solution can be reduced to that shown in equation (23). 

usee ref. 53, p. oJiv-feS? 
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» n„„ ., trqup nf   10. t.ha   nomallzed susceptance was 

found to be equal to 2.13. Ihm  Q for this case v;a3 measured 

and substituted into equation (23).  It was found that the 

powu-r carrying capacity was equal to 12.5 percent of the 

power carrying capacity of waveguide.  This is plotted in 

figure 36 and shown in table 6.  No other points were deter- 

mined using Q measurements because of the difficulty of the 

experimental procedure and the good correlation obtained from 

the other calculations. 

The information contained in table 6 shows an 

excellent correspondance between the measured high-power 

data and the calculated values using low-power measurements. 

I It must be pointed out that, the correlation obtained was 

much better than that which should normally be expected 

since the experimental and approximation errors were of the 

order of 10 percent.  Nevertheless, it placed the experi- 

mental data on a firm oasis and enabled the power carrying 

capacity of resonant cavities to be calculated with a good 

degree of accuracy. 

The overall practical effect of VSVJR upon power 

carrying capacity could then be determined.  Figure 36 shows 

a plot of percent of waveguide power carrying capacity (full 

waveguide power) vs VSWR for lhr*e of the most pertinent 
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' conditions that were previously discussed.  One curve is for 

a single mismatch at the end of 10 feed of brass waveguide. 

Although vi  experimental data was taken for this condition, 

the theory is well known and reliable, and should be correct 

to within a few percent. 

The other two curves represent the case of a 

resonant cavity forncd by two properly spaced mismatches. 

The first of these is a theoretical curve for a lossy cavity 

and the second is an experimental curve taken on an actual 

lossy cavity.  The theoretical curve was plotted assuming 

the following conditions:  that the input VSV-* to the cavity 

was equal to 1.25, that the mismatches were pure shunt re- 

I actances, and that the exact position of breakdown was known 

to be 2.35 feet from the input mismatch and 0.72 feet from 

the output mismatch (lino attenuation = 0.C51+ db/per foot). 

These conditions are the same as those used in the experi- 

mental setup and were chosen to indicate the degree of 

accuracy that can be achieved by using the theoretical 

calculations.  Figure 38 indicates a maximum, error of 6 

percent between the theoretical and experimental curves; 

this is well within the experimental and approximation errors 

involved for this case. 
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Between these three curves all conditions of VSWR 

present in a transmission line are considered.  For example, 

the practical case of the VSWR present in a radar system can 

be discussed.  In this case the individual mismatches are 

usually small and regardless of their spacing, the overall 

VSWR of the system is generally less than 2.  Using this 

information, the graph indicates that regardless of which 

curve is chosen the difference between the power carrying 

capacities in the two extreme conditions is less than 10 

Percent.  However, if greater accuracy is desired, it can be 

determined whether a resonant cavity exists, and. if it does, 

what the power carrying capacity will be in this portion of 

the system.  In this manner the curves of figure 38 can be 

used to solve any problem arising out of mismatches present 

in a transmission line. 

R. cooper15 gives information on the effect of VSWR 

upon peak-power breakdown.  He presents data taken for three 

different gaP sizes as the VSWR is varied from 1.7 to 5.9. 

Cver this range of VSWR the voltage gradient necessary for 

1   I breakdown remained essentially constant, which is in agree- 

nent with the data in this report.  As was stated previously, 

the consult slope of the power-pressure curves indicated 

that the type of breakdown remained constant as the VSWR 

was varied.  The fact that the voltage gradient remained 
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T constant  as   the  VSWR  was   varied  is   essentially   the   sane   thing, 

since   if   the   gradient  did not   change,   the   type   of   breakdown 

remained   the   same. 

Ihere   la   another  point worth mentioning with 

regard   to   the   experimental  data.     It   can be   seen from figure 

38   that   the   power   capacity   of   a  resonant   cavity   can  be   re- 

1 duCed   to   as   low  as   5   to  10  percent   of   full  waveguide  power 

by  increasing   the   Q factor.     Because   of   the   shortage   of  high- 

power   sources,   this   can be   a  very useful  property.     By means 

of   a   controlled   test,   the   breakdown   characteristics   of   com- 

ponents   can  be   studied utilizing power   sources   with  l/5   to 

1/10   the   power  output   that  would normally be   required.     This 

I suggests   an   alternate   to   the   necessity   of  using  evacuating 

equipment   to  reduce   the  power   carrying  capacity  and  is   another 

means   of   checking  data  obtained by means   of   conventional 

techniques. 

10.      MEASUREMENT  OF   THE   POWER   CAPACITX  OF  WAVEGUIDE   AND 
COMPONENTS 

10.1     Waveguides 

a.     Breakdown   of   a  1-inch  x l/2-lnch  Waveguide   at  Atmos- 
pheric  Pressure 

Ihe   standard  1-inch  x l/2-inch   tapered  waveguide 

section   (figure   k)   was   tested  at  various   times   in   the   course 
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t of the program to check thu accuracy of the measurements. 

' Jince it was aeclded to classify the breakdown of components 

I and structures by their percentage of power carrying capacity 

| 01 the wav.guido. it was important to establish the power 

I carrying capacity of the waveguide and periodically check 

! the result.  ihe data of the tests are plotted in figure 39 

I in the form of In power vs In pressure curves.  The fact 

that the data appears linear when presented in this manner 

indicates the breakdown power is an exponent function of 

pressure.  The exponent for the tests varied between 2.0 and 

2.1. TUL3  result agrees very well with theoretical square- 

law relationship between power and pressure based upon an 

£ extension of Pashen'a Law that was discussed in paragraph 9.1. 

The data in figure 39 is sufficiently uniform and 

consistent to permit an extrapolation to values of higher 

pressure.  Thus, the linos in figure 39 have been extended 

to atmospheric pressure.  This permits the value of the 

average power at breakdown for the three tests to be read 

directly from the curve.  'Ihe peak power carrying capacity 

of a 1-inch x 1/2-inch waveguide at atmospheric pressure and 

with a matched termination is: 

peak power carrying capacity = 
, „_  Kl       

(average  power)   x     (r.epetltion rate   x pulse  width) 
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c 

f 

when K 
peak voltage under  test conditions 
peiirVoTtagu~T6r matched conditions 

P  =   (average   power;   x _li_.035L  
800   x 1.2   x 10 

r&" 

ihe   results   of   this   calculation  for   the   three   tests  are 

tabulated   in   table   7. 

TALJE   ? 

POWER   GAPACIIY  OF   1-INCH  x  l/2-INCH  WAVEGUIDE 

Test  date 

October, 1952 

March, 195^ 

Februery, 195° 

Power capacity at atmospheric pressure 
(Megawatts)  

l.l|3 

1.56 

1.39 

Test conditions:  1.2 microsecond pulse width 

800 pps repetition rate. 

It can be seen from table 7 that the March 195k 

test results differed from the February 1956 test by 12 

porcent.  This difference was attributed to experimental 

accuracy.  However, since the February 1956 data was obtained 

using a manomuter for the pressure readings whereas the other 

data was obtained using a relative pressure gauge, there is 

good reason to favor the February 1956 data.  This conclusion 

is bolstered by the fact that this data appears to be more 
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kl.        .-ifh^r.   of   thü   two  remaining   sets   of self-consistent   than  either   OX   en« 

4.U.     For  this  reason  the   final   tost on 1-lnch X l/2-inch 

««guid,  made   in February  of  1956 near  tho  end  of   the  pro- 

gram will  be  used  as   the  standard for waveguide  power  carry- 

ing capacity.     It  should be  noted   that whereas   the   standard 

curve   drawn on   the  component breakdown data  curves   that will 

bo  presented  in  the  following paragraphs  of   this  ropcrc may 

be  either   the   April  195^ or   the  October  1952  data,   depending 

upon when  the   component was   tested,   the percentage   of  wave- 

guide  power  carrying  capacity reported in  the   test for  these 

components has  been adjusted  to   the  new  standard. 

b.     Breakdown  lasts  on Cover-te-Cover Flange  Joints 

A  test was  next performed  on  two  sections  of  1-inch 

x i/a-lnch x   .C5c-inch waveguide   coupled  together by means 

of  a  cover-to-cover  flange   Joint.     Th.   two waveguides were 

aligned  at  the  flange   Joint by pinning  the   two flanges  and 

by   taking a milling  cut  on  the  faces  of   the  flanges   to  assure 

that  they would mate   flush  to  one  another.     A plot  of   tne 

data obtained  is  given in figure  ko.     It was  found by  extra- 

polation  of   the   data   that   the   power-handling   capacity was   1.35 

„egawatts  at  atmospheric  pressure.     This  is  essentially  the 
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thu same value as that for standard 1-lnch x l/2-inch x .050- 

inch waveguide. The slope of the In power vs In pressure was 

2.0U  which  is   essentially   the   same   as  for  standard  waveguide. 

c.     Breakdown  Tests   on   the  Misalignment  of   Cover-to-Cover 
Flange   Joints 

Since   the   cov^r-to-cover  flange   joint  carried full 

waveguide   power when  properly   aligned,   it was   decided   to  in- 

vestigate   the   effect  of   flange   misalignment  on  standard 1-inch 

x 1/2-inch  x   .050-inch waveguide   with  a   cover-to-cover  flange 

joint.     The   flanges   were   removed  and markings  placed  on  the 

edges,   so   that   they   could be  misaligned  set  amounts   in  the 

vertical  and  horizontal  planes. 

Data for   the   vertical  misalignment  of   the   cover- 

to-cover  flange   joint  is   shown   in figure   Ul.     It  can be   seen 

that  as   the  misalignment  was   increased,   the   slope   of   the 

curves  decreased  as   well   as   the   absolute  power handling 

capacity.     For  a   .Ol^O-inch displacement   (10  percent  of   the 

waveguide   height)   the   ^lope  was   1.6.     By  extrapolation  of 

the   data   to   atmospheric  pressure,   the   peak power  handling 

capacity   is   reduced   to   30  percent  of   the  power  carried by  a 

properly   aligned   cover-to-cover   flange   joint. 
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A  five   percent misalignment   of   waveguide   height 

yielded  a  curve   whoa«   slope   is   1.76.     At  one   atmosphere   the 

I power  handling   ability  was   reduced   to  k$  percent  of   a 

properly  aligned  covur-to-cover  flange. 

The  data for  the misalignment of  the   cover flange 

joint  in   the  horizontal  plane   is   shown  in figure  kZ.     It  can 

be   seen   that   the   slope   as  well   as   the   absolute   power  level 

decreased  as   the  misalignment  was   increased,   but not  so 

markedly   as  for   the   vertical  plane.     For  a  separation  of 

.Ol+O-inch   (U.5  percent   of   the   waveguide   width)   the   slope   of 

the   in power  vs  In pressure   curve   is   1.91.     The  peak power 

carrying   capacity  at  atmospheric  pressure  was  found  by 

§ extrapolation  of   the  data   to  be   70  percent  of   the   power 

carried  by  a properly   aligned   cover  flange   joint. 

The   data  on   the  misalignment  of   the   cover-to-cover 

flange   joint  in  both  the   horizontal   and  vortical  planes   is 

presented  in figur«  1*3.      Ihe   slope   of   the   curve   is   1.67. 

Ihe  power handling  capacity  was  1*7  percent  of   a properly 

aligned   joint's  power  handling  capacity.     ihis   is   reasonable 

since   it  would  bc   expected   that   the   power  handling   ability 

as  well   as   the   slope  would  be   less   than   the   corresponding 

vortical  misalignment   cas«.      As   is   shown   on   the   graph,   the 

oow.r  handling  capacity  is   the   same,   while   the   slop«   is  less 
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leas   (1.67  as   compared   to  1.76).     Since   the  results   of   tne 

two   cases  Wore  expected   to  bto   approxinatdy  similar,   the 

urror  was  probably  an experimental   one. 

d       Breakdown  Teats   on  a  Choke-to-Cover Flange   Connection 
• 

Teats  were   conducted  in   the   1-inch x  l/2-inch  x 

.050-inch waveguide   size  using  a  ÜG-39/ü  cover  flange   and   a 

UG-UOA/U  choke   flange.      The   dimensions   of   the   choke   flange 

are   shown  in  figure   1   of   the   eleventh  interim report.     It* 

primary  function  of   the   choke   flange   was   to present  an 

electrical   short  circuit  at   the   broad  waveguide   wall  over  the 

operating  range   of   the  waveguide.     A representative   choke 

flange   was   chosen,   and no  special  precaution was   taken   to 

insure   the   alignment  of   the   internal  dimensions   of   the  wave- 

guides  when mating  with  the   cover  flange. 

iz  is   se^n   that   the   data  curvu   of   In pressure  vs 

in power  is   linear  and has   a  slope   of   2.07   (figure  Uk).     The 

peak  power   handling  capacity  was  1.35 megawatts   at  atmos- 

pheric   pressure.     Both   the   slope   and   the   peak  power  handling 

capacity  was   the   same   as   that   of   regular  waveguide.     This 

was   expected  since   both depend   upon   the   electrical   con- 

tinuity,   which is   a property  of   the   choke-to-cover  flange 

connection. 
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e.     breakdown   Icsts   on  a Misalifened   Choko-to-Cover  Flange 
Connection 

■xho   standard  1-inch  x  l/2-inch x   .050-inch  wave- 

| guide   with  choke   and   cover  flanges   wa.  used.     Markings  were 

placud  on   the   edges   of   the   flanges   so   that   they   could  be 

I misaligned predetermined  amounts   in   the  vertical   and  hori- 

zontal  planes, 

Ihe   data  taken  when   the   displacement was   .020-inch 

I in   the   v.rtical  plane   is   shown  in figure  kS.     The   slope   of 

I the   curve   of   In  power  vs   In pressure   is  1.96,   which  is 

essentially   the   same   as   that  for   a properly  aligned   choke- 

to-cov0r  flange   connection.     However,   the  peak  power handling 

Z capacity  was  r.duc.d.     By  extrapolating  the   data   to  atmos- 

pheric  pressure,   it was  found   that   this   joint  could  carry 

1.12 megawatts   or  8l  percent  of   the   full  waveguide   power. 

The   data   taken when   the   vertical  displacement was 

.01,0   inch  is   shown  in  figur«   i+6.     Note   that   the   points   do  not 

seem   to   indicate   a  linear  relationship  for   In power   vs   In 

pressure.     This   was  unexpected  since   all  previous   data had 

indicated   that   the  peak  power  handling  capacity   and   the 

pressure   were   related  by   an  exponential   function,   which would 

produce   a  linear  log-log  plot.     Because   of   this   fact,   it  was 

decided   to  average   the   array   of   points   so   that   a  linear   curve 
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would be obtained (figure 1*6).  This curve indicates a slope 

of 1.86.  Ey extrapolation, the power capacity was found to 

be 0,9k  megawatt at atmospheric pressure or 68 percent of 

waveguide ?ov-er handling capacity.  As an added step, the 

points were replotted In figure U?.  This indicated two 

different slopes as the pressure was varied.  It was thought 

that this effect may be due to two different types of break- 

down; that is, one due to current and one due to voltage 

(see figure 1+7).  However, very little is known about the 

existence of this effect. 

The data taken when the choke-to-cover flange 

connection was misaligned in the horizontal direction is 

shown in figures i+S and l|9.  From figure U6, the slope of 

the curve of In power vs lr pressure for a horizontal dis- 

placement of .020-inch is 2.06.  This value is the same as 

that for the aligned choke-to-cover flange connection.  By 

extrapolation, a peak power handling capacity of 1.25 mega- 

watts at atmospheric pressure was found.  Ihis is 90 percent 

of full waveguide power.  The data for horizontal displace- 

ment of .QUO inch is shown in figure 1+9.  The slope of the 

curve of In power vs In pressure was found to be 1.93.  This 

again is essentially the same as that for the properly 
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aligned choke-to-cover flange connection.  Extrapolation to 

atmospheric pressure indicated a peak-power capacity of 1.06 

megawatts, or 76 percent of full waveguide power. 

The dar.a gathered on the combined vertical and 

horizontal displacement of the choke-to-cover flange con- 

nection is presented in figures 50,   Si,   and 52.  Figure 50 

contains the results of a vertical and horizontal displace- 

ment of .02C-inch.  Ihe slope of the curve of In power vs 

in pressure is 2.06.  3y extrapolation, a peak power handling 

capacity of 1.25 megawatts at atmospheric pressure was found. 

Ihis is 90 percent of the full waveguide power.  In figure 

51. the data taken when vertical and horizontal displacement 

was .0U0 inch is presented.  Here again the same condition 

was encountered as in the case of the 0.0i,0-inch vertical 

displacement.  This was expected, since whatever conditions 

existed in the vertical case alone should exist in the com- 

bined horizontal and vertical case.  Ihe data was plotted in 

the same manner as before.  The average slope of the array 

of points is 1.95.  The peak power handling capacity at 

atmospheric pressure was found by extrapolation to be l.OU 

megawatts or 75 percent of full waveguide power.  In figure 

52. the data is shown replotted on a dual-slope basis.  A 

comparison between figure 52 and figure Itf shows * good 
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^^       Here   a^aln   two different 
correlation,   which wa3  expected.     Here   again 

types   of   breakdown  are   suggested. 

.able   8   gives   a   comparison  between   the   da.a   on   the 

vertical  and horizontal misalignment  for   the   choke-to-cover 

^4Ä«   or^   t-hp   cover-to-cover   section. flange   connection  ana   wie   cuvax 

iABLE   6 

COMPARISON  BETWEEN  VERTICAL  AND  HORIZONTAL 
MISALIGNMEN1 

MISALIGNMEN' 

PERCENT OF   WAVEGUIDE  POWER 
AT  ATMOSPHERIC   PRESSURE 

Type Extent 

Vertical 

Cover-to-Cover 
Flange   Connection 

Horizontal 

9/o b 
.02C   inch 

10^  b 
.0U0   inch 

2.2>o   a 
.020   inch 

I4..55S  a 
.01+0   inch 

Combined 2.^   a 
Horizontal     .020   inch 

and 
Vertical 10%  b 

2.2;i  a 
.0U.0   Inch 

89> 

10% 

no test 

Choke-to-Cover 
Flange Connection 

Qlfo 

66/0 

90% 

76/o 

90% 

IS* 
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f.     Breakdown  Tests   on   the  Effect  of  Separation  In  a  Choke- 
to- Cover Flange   Connection 

Tests  were   conducted   to determine   the   effect  of 

separation  In  a  choke-to-cover  flange   connection because   there 

are   sovera]   microvave   applications  where   a flange   connection 

will  have   tc  be   separated,   and  also   to  complete   the   overall 

Investigation  of  flange   connections.     These   tests  were   con- 

ducted  in   the   1-inch x  l/2-inch x   .050-inch waveguide   size. 

The   test piece   consisted  of   a  UG-i|OA/U  choke  flange   separated 

from  a  üG-39/ü   cover  flange.     Precautions   were   taken   to  line 

up   the   inside   dimensions   of   the   waveguide   in   order   to   avoid 

the   effects  due   to misalignment. 

Since   the  unit   tested  could not be  pressurized,   no 

curve  was  plotted.     Up   to  a gap   of   .011   inch no  breakdown 

occurred  at  a peak power   of   230 kw,   the  maximum output from 

the  magnetron.     For   spacings  of   0.011   inch or   larger,   arcing 

occurred  between   the   flanges   along   the   outer   surfaces. 

g.     Breakdown  Tests   on   the  Effect  of   Grooves   and  Gaps   in 
Waveguide  Walls 

This   investigation  was   significant  because   several 

high-power  radar  systems   are  now using heliarc-welded   junc- 

tions,   which  often  leave   small   grooves   and   spaces   in   the 
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waveguide wall.  The heliarc-welding techniques are used to 

save money and time when assembling complicated microwave 

components. 

Five different hellarc-welded test sections in 1- 

inch x l/2-inch x .O^O-inch waveguide were selected for test 

(see figures Sk  to 58).  Those illustrated represent some of 

the conditions that would probably occur on a production 

basis.  These conditions were the goal, but not necessarily 

these which were obtained.  Therefore, as a check, all test 

sections were cut in cross section to determine what actually 

existed.  The curve of In power vs In pressure for a typical 

welded butt joint is shown in figure Sk*     As expected, the 

curve was a straight line with a slope of 1.90.  The peak 

power carrying capacity at atmospheric pressure, as deter- 

mined by extrapolation, was 0.96 magawatt or 71 percent of 

full waveguide power.  Figure 55 shows the results for the 

welded butt joint having  a .005 inch groove.  The slope of 

the curve of In power vs In pressure is 1,85.  The unit can 

carry 0.88 megawatt or 63 percent of full waveguide power at 

atmospheric pressure, as determined by extrapolation.  The 

data for the welded butt joint having a .005-inch gap is 

shown in figure $6.     The slope of the curve of In power vs 

In pressure is 2.09, and the peak power handling capacity is 
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1.1 negawatts or 79 pex-cent of full waveguide power at 

atmospheric pressure,  A plot of the data obtained for the 

typical welded choke flange is shown in figure 57.  The slope 

of the curve of In power vs In pressure is 1.90.  This curve 

indicates that the power handling capacity is 66 percent of 

waveguide power.  Extrapolated to atmospheric pressure, this 

means that the welded choke flange can carry 0.92 megawatt. 

The data for the welded choke flange having a .005- 

inch gap is plotted in figure 58.  Here again note the same 

type dual-slope curve as reported in paragraph 10.le.  The 

same technique in handling this data was used again; that is, 

plotting the dual-slope curve as well as an averaged single-        ■ 
I 

slope curve.  It is interesting to note that the slopes 

encountered here, 1.3 and 2,03, are essentially the same as 

in figure 1+7 (1.5 and 2.1).  The average slope of the curve 

of In power vs In pressure is 1.80. Extrapolation to atmos- 

pheric pressure indicated a peak-power capacity of 0.78 

megawatt, or 56 percent of waveguide power. 

A special test section, shown in figure 1 of the 

twelfth interim report, was constructed to complete the tests 

on the effects of grooves and gaps in waveguide walls.  A 

section of the broad waveguide wail was removed and a plate 

was heliarc welded in its place.  No special gap was intended. 
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The gap that occurred was the normal result of this welding 

process.  The dimensions of the removed section were made to 

correspond to that of standard 1-inch x l/2-inch x .050-inch 

waveguide.  In this manner the data could be compared directly 

with other test results.  The peak power handling capacity at 

atmospheric pressure was found by extrapolation to be 1.25 

megawatts or 90 percent of the full waveguide power and the 

slope was 2.1.  This data agrees with the results presented 

in the eleventh interim report on the specially constructed 

section used to simulate gaps and grooves in waveguide walls. 

In order to clarify the data on heliarc-welded test 

sections, the test pieces were dissected to see how well the 

• desired dimensions were maintained during manufacture. 

Figures i,. 5. 6 and 7 of the twelfth interim report 

show photographs of the cross section of the heliarc-welded 

test pieces which tend to Justify the results on the basis of 

mechanical deficiencies such as rough surface, gaps at the 

juncture of the waveguides or excess drops of solder. 

The information on the effects of gaps and grooves 

in waveguide walls, on peak power handling capacity, indicates 

that heliarcwelding techniques are feasible for fabrication 

of waveguide components.  It has been shown (with the exception 

lfe7 CONFIDENTIAL 



CONFIDENTIAL 

• of the choke weld having a .005-inch gap) that power handling 

capacities of 70 percent of the full waveguide power and 

higher can be realized in heliarcwelded components without 

resorting to special manufacturing precautions.  Power-han- 

dling abilities of the order of 90 percent of the full wave- 

guide power can be realized if special steps are taken to 

ensure proper alignment of mating surfaces and a reasonably 

smooth surface finish is maintained.  Since practically all 

uicrowave components have peak power handling capacities less 

than 70 percent of the full waveguide power, the use of this 

heliarc-welding technique is permissible and will not lower 

the peak power handling capacity of any component.  With the 

m trend toward making radar systems lighter by using aluminum 

in tie construction of waveguide components, the use of 

heliarc welding will greatly reduce the cost of such systems. 

h.  Breakdown Tests on Flexible Waveguide 

Two units were tested, both 12 inches long; one with 

choke and cover flanges (liteflex part No. 1^0198), and one 

with two cover flanges (Titeflex part No. l^OlSU).  These units 

are of the so-called convoluted and interlocking type. 

Figure 59 shows the results for the two units 

tested.  55» unit with two cover flanges (Ho. i^Olö^) carried 

I slightly more power than the unit with choke and cover flanges 
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* (No. I|0198).  In both instances the slope was essentially the 

same; that is, lc70 for the choke-cover unit and 1.60 for the 

cover-cover unit.  By extrapolation, it wa3 noted that the 

choke-cover unit would be able to carry I4.2 percent of full 

waveguide power at atmospheric pressure or 0,58 megawatt, 

while the cover-covsr unit had a peak power handling capacity 

of 0.14.8 megawatt or 3^ percent of full waveguide power. 

Figure 60 shows the results for the choke-cover unit 

when it was subjected to a 90- and a l80-degree twist.  The 

slope of the two curves of In power vs In pressure is 1,7, 

which is the same as that for the untwisted case.  The poak 

power handling capacity at atmospheric pressure, as deter- 

9 mined by extrapolation, was C.55 megawatt er I4.O percent of 

full waveguide power for the l80-degree twist, and 0.51 

megawatt or 37 percent of full waveguide power for the 90- 

degree twist. 

IVO samples of Flexaguide, 6 and 12 inches long, 

were obtained from Airtron for test purposes.  The data is 

presented in figure 61.  It can be seen that the slopes of 

the curves of In power vs In pressure are both 1.7.  This is 

identical to the slope obtained for a similar piece of 

llteflex flexible waveguide as shown in figure $9.  The peak 

power handling capacity at atmospheric pressure was found by 

extrapolation to be 0.60 megawatt or 1+3 percent of full 
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waveguide power for the 12-inch piece and 0.1+7 megawatt or 

31+ percent of full waveguide power for the 6-inch section. 

The data was essentially the same as that for the Titeflex 

flexible waveguide where the power handling capacity varied 

from U2 percent to 35 percent for the two units tested.  This 

10 percent difference in the two units was due essentially to 

the normal manufacturing tolerances.  Because Airtron claimed 

a power handling capacity equal to that of rigid waveguide, 

representatives of that company were consulted to determine 

how they obtained their results.  It was explained that 

Flexagulde could carry the peak power as was listed on the 

standard waveguide charts, which includes a safety factor of 

four.  In addition, if higher peak power handling capacities 

were desired, they could be obtained by increasing the area 

of the waveguide and utilizing auxiliary matching structures. 

Tests were made on a Technicraft Laboratories 

flexible waveguide assembly No. Ü6^-65B vertebrae in standard 

1-inch x 1/2-inch x .050-inch waveguide.  The construction 

features of this type of flexible waveguide are shown in 

figure 9 of the twelfth interim report.  This unit consisted 

of a series of quarter-wavelength sections separated by choke- 

to- cover flange joints housed in a rubber jacket.  Electrical 
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continuity was maintained by means of the choke-to-cover 

connection even though the unit was flexed.  The gaps allowed 

relative motion of the sections. 

The results of the tests, shown in figure S3,   con- 

sist of a curve with two slopes, 2.0 and 1.5.  The two slopes 

were averaged to give a slope of 1.72 which is also shown In 

figure 53.  The peak power handling capacity at atmospheric 

pressure was found, by extrapolation of the average slope 

curve, to be 53 percent of the full waveguide power.  The 

appearance of the dual-slope curve was not too unexpected 

since the construction of the vertebrae produced choke-to- 

cover connection misalignments of a type that have previously 

resulted in a dual-slope curve. 

The   amount and type of misalignment varied from one 

quarter-wave section to the next as did the gap between them, 

since the sections were not held together very rigidly, 

heasurement of the gap indicated an average value of ,022 

inch.  Comparison of the data on the vertebrae section with 

the data on the ,0^0-inch vertical and horizontal misalign- 

ment of the choke-to-cover flange connection indicated the 

following- 
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' for   the  vertebrae   section -   slopes   of   In  P^ ^  \n 

pressure   curve  were  l.W 
ana l.k$ 
power capacity at atmospheric 
pressure was found to be ^3 
percent of waveguide power 

for the .OUO-lnch verti-  - slopes of In Power vs In 
cal and horizontal mis-    Pressure curve were 2.30 
alignment of the choke-    and l.>u 
to-cover flange connec- Bt«,««. " e power capacity at atmoa- 
Llon pheric pressure was found 

to be 75 percent of wave- 
guide power 

It can be seen that the slopes compare very favorably while I 

l::                                      the powei handling capacity differed by 22 percent.  The J 

difference in power handling capacity was reasonable since | 

I      •          ,he vertebrae sections have, by virtue of their construction, | 

gaps between mating sections. 

i.  Breakdown Testa on ÜSL Cover-to-Cover Flanges for 1.122- 
inch x 0.1,97-inch Inside Diameter Waveguide 

At the request of the Bureau of Ships, a flange 

designed and developed by the U.S. Navy Underwater Sound 

Laboratory, tUSL) New London, Connecticut for use with RG- 

163/U waveguide was tested.  Further information may be 

ob tained  from UoL   (part Nos.   3SÖ9U-B   and  3Ö695-C). 
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Ihe Ru-163/U wuveguide was required tc operate over 

the frequency range of 6275 mc to Ö39C and carry very high 

power.  It had internal dimensions identical with RG-5lA' 

waveguide (1.122 inches x O.U97 inch) but a considerably 

greater wall thickness.  (Ihe outside dinensicns of ?.G-l63/o 

waveguide are 1.31+2 inches x 0.717 inch.)  Ihe use of a con- 

tact type flange was used in preference to a choke-type Joint 

in the design because of the wide frequency band and the in- 

herent frequency sensitivity of chokes.  In addition, there 

was a socket-type connection between the waveguide and the 

flange.  Ihis design reduced the maxlanan amount of nisalign- 

ment possible within tolerances at the face between the two 

•• flanges, as compared with the use of two UG-5lA's in a 

contact flange coupling since the effect of tolerances in the 

waveguide and hole were removed fron this face.  In addition, 

the socket type connection removed the possibility that the 

flange surface and waveguide were not exactly flush as might 

occur in the standard push-through type flange unless the 

completed assembly was faced off and polished. 

lo test the flange, two sections of RG-lbj/U wave- 

guide were fabricated as shown in figure 62.  At one end of 

the waveguide the thickness of the waveguide was reduced so 

that a typical push-through contact-type flange could be 

w 
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counted.     These   sectior.s   were   assenoxea   win 

entire   asso-nbly   v.-^s   carefully r.easurad  and  fowys 

l.Ci4  over   ".he   band   both when  aligned  properly   and   v.T.en -is- 

auligned  by   .C2C   inch  in both   the Z   and  E planes.     Figure   o^ 

also  shows   the   complete   test  section assembly.     Eh«   data 

were   obtained  using   the   standard   test   circuit   shown  in  figure 

5.     Ihe   results   of   the   tests   are   shewn  in  figure   62,   by  plot- 

ting  a  In  power  vs   In pressure   curve.     It   can  be   seen   that 

the  piece   carried   considerably «ore  power   than   the   standard 

1-inch  x  1/2-inch  waveguide.     In   addition,   the   slope   of   the 

curve   agreed  very  well  with   the   square-law relationship   oi- 

l-inch  x 1/2-inch waveguide.      Ihese   observations   suggest   that 

breakdown  was   due   to   the   waveguide   and not   the   flanges.      This 

observation was  further  strengthened when examination of   the 

flanges   showed no   signs   of   breakdown pitting   and  burning. 

Thus,   it  was   decided   to  detemine   the  power  handling  capacity 

of   the   1.122   inch  x  0.1*97   inch  inside-dianeter   test piece 

fror,   the   data,   and  compare   it   to   the   calculated power  handling 

capacity  scaled  fror,  the  measurement  of   1-inch  x l/2-lnch 

waveguide   (refer   to   equation ^2).      Tne   results   calculated   for 

atmospheric  pressure   and matched  lines,   are: 

fron measurements   of  1.122-inch x C.1,97-inch Inslde-dlameter 

waveguide 

P =3.2 megawatts. ratmospheric pressure 
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fron  calculations   based  upon   1-inch   x  l/Z-tnch  waveguide 

BseasuraBwcts: 

r fttaiospherli 
2.5 negawatta 

.l-.ese   values   show  fair  agreement, 

chat   :he  r.easured power   carrying   capacity   of   1.122-inch x 

C.i+97-inch waveguide   was   25   percent   higher   than   the   calcu- 

lated value.      ihla   difference   can be   alr.cst  accounted for by 

the   exuerir.ental  error   of   ±9.li. percent  as   analyzed  in para- 

graph  ?....      rhere   are   two  additional   sources   of   error  for 

this   test  which was  not   taken  into   account   in   that   analysis. 

First,   extrapolatlor   of   the   power-pressure   data   over  approx- 

imately   3:1  range   of   pressure   fror. 9   inches   to  3C   inches   of 

mercury  will  lead   to   significantly  large  errors   unless   the 

slope  is  very  accurately  determined.     In  addition,   there   is 

soitie  doubt   as   to   the   exact  VSWR   In   the   test   section.      The 

results   were   computed  on   the   basis   of   a  1.3  VSWRj   if   the 

V3«R  was   actually  1.15,   the   test  results   would  be   2.55 

megawatts   at   atmospheric  pressure.     While   these   arguments 

are   not   conclusive, they   serve   to   indicate   that   the   experi- 

mental  results   are   not   in disagreement  with  the   predicted 

power   carrying   capacity  of   the  1.122-inch  x C.i.97-inch inside 

diameter  waveguide.      -hus,   it   was   concluded   that   the  ÜSt 

flanges   are   able   to   carry   the   full   power  handling   capacity 
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of   HJ-lb3/U   waveguide   but   that   the   power   handling   capacity 

of   this   size   waveguide   is   scrr.evhat  lesa  precisely  determined 

than  would   ordinarily  be   expected  due   to   conflicting  results. 

,0  p     -ha„r„   c-  direction  and   Polarization  of   Waveguides 

a.     Breakdown  of   H-plane  bends. 

Ar.  analysis   was  made   of   the  B-plane   bend   (see 

paragraph L.3)   which indicated  a  peak-power  capacity  of   97 

percent  of   waveguide   power  with very  little  dependence   on 

the   radius   of   the   bend.      In  order   to  verify   this   theory,   a 

nur.ber   of  bends   with  different  radius  bend-angles   and  different 

^ t-   „,.-,—-.   ,.^r^   t-Aat-AH      eovex'iiuz   the   conditions ne thods  of nanuracture  were   testea,   co—-x-t 

nest  likely   to  be   encountered   in  radar  applications.     The 

results   of   the   tests   are   plotted   in  figures  63,   bh*   6Sa, 

ar.d   b5b   in   the   usual  fern of   ln-pcwer  vs   In-pressure   curves. 

In   order   to   test   as r.ar.y  bends   as  possible,   a  limited amount 

of   data  was   obtained   for   each   test  piece.     The   slopes   of   the 

ln-power  vs   ln-pressure   curve   were  not   accurately  determined. 

However,   this   was   not   a   serious   handicap   since   there   was 

sufficient   theoretical   and experimental  evidence   that  the 

slope   of   an  H-plane  bend  power-pressure   curve   similar   to 

waveguide,   follows   a  square   law   junction.     A   comparison  of 

the   theoretical   calculations   with   the   experimental   data   is 
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presented in table 9.  Also included is a physical descrip- 

tion of the H-plane bends that were tested, and the slopes 

of the In-power vs In-pressure curves.  The power handling 

capacity ot  each bend relative to standard waveguide was 

computed for a power-press-are point at the center of the 

range of data. 

-he theoretical analysis predicted that the H-plane 

bend would carry 97 percent of waveguide power, regardless 

of the radius, while the results indicated that the bends 

carried fron S? zo  12k  percent.  Although the discrepancy 

was sorr.ethat large, the difference between the two results 

was probably due to experimental error as discussed in para- 

graph 7.L. It was found that the accuracy of the breakdown 

power measurements became very dependent on the accuracy of 

the pressure measurement at low pressure,  Since the tests 

en the bends were performed at pressures between 5 and 15 

inches of mercury (absolute), it can be seen by referring to 

figure 16 that the error due to pressure alone could approach 

kC  percent under extremely adverse conditions.  Ihe theory 

and experiment were not in disagreement within experimental 

accuracy.  Since the bends have considerably more power 

handling capacity than other components in a radar system, 

no practical benefit could be gained by repeating the tests 

using the more accurate manometer as the pressure meter. 

J 
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!LE   9 

^ 

3UMIIAP.Y  OF  BREAKDOWN  DATA  ON   K-FLANS   BENDS 

r :     T T\~,  *- v-, 

Radius 
(inch) 

1 
Peak-power 
Capacity 

See  Fig- 
Description    ure Slope asm 

Meas-     I 
ured 

11.3 0- 
retical 

■ 1 
1.   Machined 

 -t-  

65(a)            0.125 2.U 1.03       99-^ 97^ 

90°  H- 
Plane  Bend I                              1 

I                               t 

,   Machined     i   65(a) 0.250 2.2 1.03 ! 116^ 97^ 

90°  H- 
rlane  Bend 1 1 

,  Machined 65(a) 0.375 2.2   j   1.09     12U^ 97^ 

90°  H- 1 
Flane  Bend 

L.   Fabricated fc5(b) C .625 1.9 i.o5 967& 975« 

k50 B- 
Plane Bend I 

5.   Fabricated 65(b) C.625 1.7 1.01+   iioiS 
i 

97^ 

90c   K- i 

Flane Bend 

o.   Fabricated 65(b) C.625 1.9 1.C7 9C;7c 97^ 

100°  H- 
Plane  Bend 

7.   Fabricated ok 1.5 1    2.0   '    -          £7^ 97^ 

90°   K- 
Plane 

8.   Fabricated       63 0.3 2.0        -           9M 

!    1 
97^ 

90°   H- 
Plane 1                     J 
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However,   In  order   to  verify   the   conclusions   of   this  discussion 

and   to  es-catiish  the   accuracy   of   the  nanometer,   one   of   the 

bends   which appeared   to   carry nore   power   than waveguide   was 

re tested.     ihe   particular  K-plane   bend   chosen for  re test was 

bend No.   3   (table   9).     It  was  previously  found   that  this  bend 

carried  12U percent.     The  results   cf   the   tests  are   shown  in 

figure   66.     Note   that   tiw   results   are  nearly  equal   to   that 

expected;   the  bend  carri3i  about  86  percent  of  waveguide  power. 

In  addition,   the   slope   of   the   ln-power  vs   ln-pressure   curve 

was   found  to  be   1.9  which  agrees   closely  with  the   previous 

contention  that   the  bends  follow   the   square-law relationship 

between power   and pressure. 

4*» b.     Breakdown  cf  E-?lane Bends 

An  approximate   equation was   obtained  for   the  power 

(see   equation  1C,   para.   k»k)   capacity   cf   an E-plane bend 

expressed  as   a percentage   of  waveguide   power.     In  order   to 

verify   the   validity  of   this  result  a manber  of E-plane  bends 

representing   the  values most  likely  to be   encountered  in radar 

applications   were   tested.     The  results   of   breakdown  tests   on 

E-plane  bends   reported  in  the   thirteenth  and nineteenth Interim 

reports   are  plotted  In  figures   65c,   b5d,   35e,   67,   68,   69,   70 

in   the   usual   forn  of   In  power  vs   In pressure.     An  outline 

drawing  of   the   waveguide   switch which  contains   a  90-degree 
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2-plane  bend  is   shown  in  figure   6  of   the   thirteenth  interin 

report.      The   results   of    ehe   test   are   surrmarized  in   table   10. 

In  order   to  compare   the   results   of   the   tests  with   the  pre- 

dicted  values   of  peak-pover   capacity   the   information   in   table 

10  has  been plotted  in  figure   71   together  with  the   theoretical 

curve   (equation  10), 

The   correlation between   the  predicted values   and 

the   actual  values   are  within  experimental   error  in most   cases. 

The   other   cases,   in  which   the   agreement  is  not  so  good,   are 

attributed   to mechanical   defects   in   the   test piece   and 

limitations  due   to   the   approximate   analysis, 

A. On   the   basis   of   these   tests,   the  universal   curve 

in  figure   71   should prove   very  useful  in predicting   the 

performance   of  E-plane   bends.     A deviation  because   of   a non- 

coaxial  voltage   distribution  would   tend   to   increase   the 

actual  power   capacity  above   the  predicted  value.     Thus,   in 

applying   this   curve   to   the  power-handling  requirements   of   a 

radar   system,   any  deviation would  be   in   the   form  of   an 

additional   safety  factor. 
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TABLE   10 

SUMMARY  OF BREAKDOWN   1EST3  ON E-PLANE BENDS 

- 
 r 

i Mean Clr- 
i cunferen- 

i 

For Break- 
E-Plane 
Bend Peak-Power 

tial Length 
Divided By 

Descrip- 
tion 

down Data 
See Figure 

Radius, 
R.dnch) 

Caoacity Waveguide 
Wavelength VSWH Me as. The or, Slope 

1. 65(c) 1.S5Ö1 i.ou 76 60 1.9 1-1/2 

Fabri- 
cated 
90° E- 
plane 1      i 
Bend 

2. 65(c) C. 73if 1.C1+ 72 61^ 1.6 3A 
Fabri- 
cated 
9C0 S- 

<v plane 
Q» Bend 

3. 65(c) 0.519 1.08 63 53 1.6 2/3 

Fabri- 
cated 
90° E- 
plane 
Bend 

i;. 65(d) 0.125 1.05 6C 20 1.9 iA 
Machined 
90° E- 
plane 
Bend 

5. 65(d) 0.250 1.2 56 36 1.9 1/3 
Machined i 

!90o E- | 
plane 

l Bend 
1 J 
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TABLE   10   (cont) 

SUMMARY  OF BREASDÖW8   IE3TS  OS  E-PLAMB  BSÜD3 

Descrip- 
tion 

i 
For Break- 
down Data 
iee Figure 

  

E-Flane 
Bend 
Radius, 
R1(inch) VSWB 

Peak-Power 
Caoacity 

Mean Cir- 
cumferen- 
tial Length 
Divided By 
V/aveguide 
Wavelength Meas.!Theor. Slope 1 

6. 
Machined 
90° E- 
plane 
Bend 

65U) C0375 1.11 

i 

63 ¥> 1.9 1 1/2 

7. 
Machined 
k50  E- 
plane 
Bend 

65(e) C.625 1 
1.02 57 60 1.7 

1.7 

1/3 

6. 
Machined 
90° E- 
plane 
Bend 

65(e) 0.625 1.02 76 60 3A 

9. 
Machined 
180° E- 
plane 
Bend 

65(e) C.625 1.02 73 60 1.7 1-1/2 

10. 67 C.^90 - m i.6 2.C 3A 
Vvave- 
guide 
Switch 
1-1A * 
5/5 CD. 
v.;ave- 
guide 
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TABLE   10   (cont) 

SUMMARY  C?  BREAKDOWN   TESTS  OK E-PLANE  BENDS 
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c.     Breakdovn   Tests   or.  a   9C-Iet-ree   H-Plane  Kitered  Corner 

A  9G-degree   H-?lane  altered  corner  as   shown  in 

Ticure   72  v:as  next   tested.      Ihfl   results   of   the   ^ests   are 

plotted  in   the   SUM   figure.      Ihe   slope   of   the   ln-power  vs 

ln-pressure   c-orve   is  2.1.      ihis   is   identical   to   that for 

standard  waveguide.      ihe  peak  power  handling  capacity  was 

found  by  extrapolation   to be   C^ percent  of   full  waveguide 

power  at  atmospheric  pressure.      Ifeese  were   approxir.ately   the 

same   breakdown  characteristics   as   those   obtained  for  the   9C- 

degree   H-plane   bend.      -his  was   expected  fror,   the   sinilarity 

of   the   two   components.      Oa»  value   of   2.1  for   the   slope   of 

the   power-pressure   curve  was   expected,   since   once   again   the 

type   of  breakdown was   expected   to remain   the   same   as   that 

for   standard  waveguide, 

d.     Breakdown  lests   on Waveguide   Iwists 

Several waveguide twist sections were tested. Ihe 

type of twist tested (shown in fig-ore 73a) had a twist angle 

of 90 degrees. However, the angle of the twist can vary for 

a particular application. Ihe twist is made either by cast- 

ing the waveguide or by twisting a drawn waveguide along its 

control axis. All the units tested were made in the latter 

manner.      ihe   design   of   the   twist   allowed   for   a   smooth 
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De3criptlen 

90° -  7-5/8- 

90° - 3-1/5" 

90° - 2" 

kS* - 2" 

qo0   -    7-5/Ö" LOG 

1.15 

1.25 

1.11 

0° -   2-1/2" 0.75 

rer Capacity Slope 

76A 1.3 

63A 2.3 

C^i 
/«-/O 1.6 

6C% 1.5 

5^ 1.7 

All  of   ^he   twists,   except  one,   carried r.cre   than 

SO  percent  of   waveguide  power.     Tbm  exception was   an indica- 

tion  of   the  reduction  in power  handling  capacity   that  can be 

expected  for  a  distorted   test piece. 

CONFIDENTIAL 

transition  in   the  plane  of   the £-field  while   the   cress- 

sectional   dimensions   in any plan«   cf   the   waveguide,   were   the 

sar-.e   as   those   of   a  straight  waveguide.     Because   of   this,   the 

VSWR's   of   the   twists  were  under  1.1   in  all   cases. 
- 

ft* data on the waveguide twist sections are shown 

in figures 73a and 73b. The results for the twists, obtained 

by extrapolation to ataospheric pressure,   are given in table 

11. 

IA5LE 11 

WAVEGUIDE WIST DATA 

Fewer Handling     Percent Waveguide 
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IC.3     Waveguidö  Couplers   and  lee   Junctions 

a.     Breakdown Tests  Ot   a  Two-Hole   Coupler 

A Microline Model  136,   20  dt   directional  coupler 

showr.  in figure   Ik was   selected for   test.     This  unit  enploys 

two round holas   In   the   connon narrow wall  between  two parallel 

1-inch  x  1/2-inch waveguides. 

The   circuit used   to neasurs   the  breakdown power  of 

Om   two-hole  coupler was   similar   to   that  shown in figure  5, 

except   that  an  additional pressure  window was placed between 

the   test piece   and   the  load.     A plot  of   the   data  is   shown  in 

figure   7^. 

Che   two-hole   coupler  carried about 6 percent less 

power   than   the   standard  1-inch x l/2-inch waveguide.     This 

difference   was   so   small   that  it  could be  partially  due   to 

experimental  error   and partially  due   to   the  variation between 

two  pieces   of  waveguide.     In  any   crse,   it  was  apparent  that 

the   presence   of   the   two  holes  had  only  a  slight effect upon 

the   power   carrying  capacity  of   the  waveguide. 

b.     Breakdown  Tests   of   Crossed-Guide  Coupler 

Ihe  next unit   tested  was  a laboratory model  crossed- 

guide   directional   coupler,   similar   to  Sperry Microline Model 
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234 directional coupler.  Ihis piece had two long, narrow 

slots in the common broad wall between two crossed waveguides. 

The ccuplir.£ oe tween the two waveguides was 31 db.  A sketch 

of the coupler layout is shown in figure 7 of the eighth 

interim report. 

A plot of the data for the coupler oriented with 

the slots transverse to the primary waveguide is shown in 

firure 75.  ihe power handling capacity of this coupler was 

considerably less than that of the standard waveguide. 

Extrapolation to atmospheric pressure indicated a peak-power 

handling capacity of 29C kw or 21 percent of waveguide power 

capacity.  In addition, the slope of the curve was 1.49 as 

-ompared to the value of 2.0 for the standard v/aveguide. 

Before commenting on these results, the data 

obtained with the slots oriented parallel to the primary 

waveguide will be considered.  A plot of this data is shown 

in figure 7b.  Here again the data is linear and the slope 

is 1.37.  An extrapolation to atmospheric pressure indicated 

a power handling capacity of 310 kw or 22 percent of wave- 

guide power capacity.  A comparison of figures 75 and 76 shows 

the two curves representing the different orientations are 

nearly parallel.  The coupler can cany about 10 percent more 
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power with the slots parallel to the primary waveguide.  This 

was not unexpected, since the current transverse to the slot 

is less when the slot is parallel to the axis of the primary 

waveguide. 

c.  Breakdown Testa of Schwinger Coupler 

A Schwinger coupler, tested to determine its power 

handling capacity, was a laboratory model in 1-1A inch x 

$/8 inch waveguide.  The Schwinger coupler features two 

parallel waveguides with the board wall of one in contact 

with the narrow wall of the other.  This arrangement and the 

pertinent dimensions are shown in figure 10 of the eighth 

Interim report.  Coupling is obtained using two long, narrow 

slots in the common wall, cut parallel to the axes of the 

waveguides. 

A plot of the data for the coupler oriented with 

the slots in the broad wall of the primary waveguide is shown 

in figure 77.  It can be seen that the slope is essentially 

constant at a value of 1.U2, and an extrapolation to atmos- 

pheric pressure indicated a peak-power handling capacity of 

U30 kw or 21 percent of standard waveguide power.  Ihe power 

handling capacity of this size waveguide under these con- 

ditions was calculated from equation U to be 2.1 megawatts. 
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Also plotted on the same graph is a theoretical curve for 

the breakdown powor of a 1-1/1+ inch x 5/6 inch waveguide. 

Ihis curve was obtained by extrapolating the data for a 

1 inch x 1/2 inch waveguide on the basis of the ratio between 

waveguide wavelength and internal dimensions. 

A plot of the data for the coupler oriented with 

the slots in the narrow wall of the primary waveguide is 

shown in figure 76.  This curve has a constant slope of 2.05 

over most of the range.  This is very nearly the same as that 

of the standard waveguide.  Extrapolation of the data to 

atmospheric pressure indicated a peak power handling capacity 

of 1.2 megawatts or 57 percent of waveguide power capacity. 

r 

d.  Breakdown Tests on a Branch-Guide Coupler 

A branch-guide coupler was chosen as the next unit 

in the series of breakdown tests of directional couplers. 

The particular model used was a laboratory model having 1-inch 

v 1/2-inch x .050-inch waveguide and having a coupling of 13 

db.  A sketch of the coupler showing the significant elec- 

trical dimensions is given in figure 1 of the ninth interim 

report. 

A plot of the data is given in figure 79.  The 

data indicated a power handling capacity of i+00 kw at 
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atmospheric pressure or 29 percent of standard waveguide 

power handling capacity.  It is seen that the ln-power vs 

In pressure curve is linear and has a slope of 1.7.  This 

behavior is different fron couplers employing slots in the 

broad or narrow wall.  Since the branch-guide structure is 

similar to a sat of E-plane junctions, the behavior of 2- 

plane tee-junctions will be considered before this data is 

analyzed. 

e.  Breakdown Tests of E-Plane lee 

An E-plane tee composed of 1 inch x l/2 inch wave- 

guide was the next component tested for breakdown.  A sketch 

of the unit employed. Sperry Microline Model 165A, is shown 

in figure K  of the ninth interim report.  The broad wall of 

the waveguide has an opening to provide for the E-plane arm 

of the tee. 

In operation, the tee is analogous to a series 

circuit.  The power splits between the E arm and the side arm 

in proportion to the impeaances of the two arms, neglecting 

the junction reactance.  For the unit tested the impedances 

were equal, and so the power division was approximately 

e qual. 

= 
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Power is applied to one 3ide arm while the other arms are 

terminated in matched Impedances.  A plot of the data obtained 

is given in figure 60.  Although the curve was linear, con- 

siderable difficulty was encountered in obtaining the data 

because breakdown occurred at a value much below the power 

handling capacity of the waveguide.  Bli. means that the 

I increased voltage due to the power reflected from the spark 

was not sufficient to cause the pressure window to break 

I down.  Ihus, the data represents a true probability run which 

required care and time for both test and analysis in order to 

determine the true breakdown point.  Ihe method used is 

described in the seventh interim report.  The intercept of 

!  p zero probability on a plot of breakdown probability vs power 

was determined.  Iha almost perfect linearity of the curve 

In figure 80 justified this approach. 

The data for the E-plane tee indicated a power 

handling capacity of 85 kw or 6 percent of -.mvegulde power 

carrying capacity at atmospheric pressure.  Ihe curve for 

breakdown of the branch-guide coupler shown in figure 79 is 

seen to be midway between those for standard waveguide and 

for the E-plane tee.  Ihis is reasonable since the branch- 

guide structure is basically a combination of two E-plane 

junctions, each of which represents a smaller discontinuity 

than the E-plane tee. 
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f.     Breakdown  Testa   of   H-Plana   Tee 

An K-plane   tee   fabricated  from 1-lnch x l/2-inch 

waveguide   was   the  next  component  tested for breakdown.     A 

sketch  of   the  unit,   Sperry Microline  Model  166A,   is   shown  in 

figure   6  of   the  ninth  Interim report.     The  narrow wall  of   the 

waveguide   had  an  opening   to  provide   for  the  H~plane   arm of 

the   tee,   thereby  introducing  a  discontinuity.     There  were  no 

other  discontinuities   in   the   waveguide. 

In  operation,   this   tee   is   analogous   to  a  shunt 

circuit.     The  power  division  between   the  H  arm and   the   side 

arm is  inversely proportional   to   the   two  impedances,   neglecting 

the   junction reactance.     For   the  unit   tested   the  impedances 

were  equal,   so   that   there   was   an equal power  division. 

The   circuit used  in   the  breakdown   tests  is  given  in 

figure  5.     Power  was  applied  on  one   side   arm,   with  the   other 

arms   terminated  in matched  impedances.     A plot  of   the  data is 

given  in figure   6l.     Note   that  the  power handling  capacity 

was   close   to   that  of   standard  1-inch  x l/2-inch waveguide 

and   that   the   slope   of   the   ln-power  vs  ln-pressure   curve   is 

very nearly  2.     The   data  indicated   that  the   shunt   tee   could 

carry 00  percent  of   the  waveguide  power.     Extrapolated   to 

atmospheric  pressure,   this means   that  the   tee   is  capable   of 

transmitting  one  megawatt. 
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t g.     Breakdown  Tests   of  Magic   Tee 

A magic   tee   cornposed  of  1-inch x l/2-inch wave- 

guide   was   tested for breakdown.     A sketch of   the  unit employed, 

Sperry i'licroline  Model I4.O6,   is   shown in figure  8  of   the 

ninth  interim report.     A matching  structure  was  introduced 

at   the   center  of   the   junction  serving   to reduce   the  waveguide 

inner  dimensions  as  well  as   to  distort  the electromagnetic 

field  pattern.     Otherwise   the  magic   tee  was   a  combination  of 

the  E-   and H-plane   tees. 

In  operation  this   tee  is  analogous   to a series 

branch and  a  shunt branch located  at  the  same  point on  the 

*•■ lire.     For   the   case   of   the matched   tee,   the  power applied  to 

either  side   arm is  evenly  divided between  the E  and H  arms, 

with no power  reaching   the   other  side   arm.     In addition, 

power  applied  to either  the E  or H arms  is  evenly divided 

between  the   two  side  arms  with no power reaching  the  opposite 

arm.      The unit  tested was matched so   that  these  conditions 

were   obtained. 

Power  was   applied   to  one   side  arm,   with  the   other 

arms   terminated in matched impedances.     The  data plotted  in 

figure  82   indicates   a power  handling  capacity  similar  to   that 

of   the E-plane   tee.     This   is  reasonable,   inasmuch as   the 
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construction  of   this   tee  wac   similar   to   a  combination  of   the 

E-   and H-plane   tees.     Since   the E-plane   tee   carries   consid- 

erably  less  power   than   the  H-plane   tee,   one  would  expect  a 

combination  of   the   two   to behave  like   the E-plane  tee.    Extra- 

polation of   the  data  to  atmospheric pressure  indicated  that 

the magic   tee  breakdown  occurred at 110-kw peak power,  which 

is  about eight percent  of   the  waveguide  power  carrying 

capacity. 

h.     Breakdown  Test on an E-Plane    Hybrid Ring 

A 1-lnch x 1/2-inch x  .000-inch E-plane hybrid 

ring,   is  shown in figure  11+ of   the   twelfth interim report, 

was   tested.     The  operation of   the hybrid ring is  similar  to 

that  of  a magic   tee.     From  the  data plotted  in figure   83, 

the   slope   of   the   In-power vs  In-pressure   curve   is  1.6.     By 

extrapolation,   the peak power handling  capacity  at atmospheric 

pressure was  found  to be  0.2$ megawatt  or 19 percent  of   the 

full  waveguide  power   carrying  capacity. 

Since   the  hybrid ring used  for   the   tests  was 

essentially a  set of E-plane   tees,   a comparison with  the 

results  for   the E-plane   tee,   which carried  7 percent  of  wave- 

guide  power,   is  pertinent.     The  difference   in  the  VSWR between 

the   two units   accounted for   the  12 percent difference   in peak- 

power handling  capacity. 
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10.14. Waveguide Rotary Joints 

a.  Breakdown Tests on a Rectangular-to-Circular Waveguide 
Rotary Joint 

Tha test piece was a mol  mode rectangular-to- 

circular waveguide rotary joint.  Figure 19 and 20  of the 

twelfth interim report shows a sketch of the pertinent 

dimensions of the joint and a curve of V3WR vs frequency. 

At the test frequency, the V3WR was 1,09. 

Ihe joint consisted of two individual half sections, 

each containing a rectangular-to-circular waveguide transition 

(IE 0 to TM01).  Each half section also contained a filter 

rln« and absorbing slots to eliminate any TEn mode which 

night be generated by the transition.  The ^ wave had to 

be eliminated because it was capable of propagating in the 

circular waveguide and impairing the performance of the 

joint.  Due to the addition of the filter ring, an inductive 

iris had to be added to provide a match at the transition 

and thereby keep the VSWR relatively low.  Because of the 

geometry of the rotary joint, the use of the photocell to 

indicate breakdown was greatly limited and much time and 

care had to be used in obtaining the data.  Each point had 

to be checked several times to make sure of its reliability. 
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As   shown  in  figure   81+.   a plot  oi   the   data  obtained,   an  en- 

tirely  different   typ^  of  phenomena v;as   observed.     On plotting 

the   in-power  va   In-pressure  relationship,   two  distinct  con- 

stant-slope   curves  resulted.     Each  curve  had   the   same   slope, 

which is  essentially   that  of   standard waveguide,   but   the 

curves  were  displaced from one   another.     Since   these  points 

cannot  be   averaged   to give  a  single   c irve,   as  done  previously, 

the  performance   at  atmospheric  pressure  was   obtained by ex- 

tending  the  upper,   or high-power,   portion  of   the  data.     Ihus, 

the  peak  power handling  capacity  at  atmospheric  pressure  was 

found  to be  lif percent  of   the  full waveguide  power  or  0.193 

megawatt. 

b.     Breakdown  lests  on  a Ridge-Waveguide   Coaxial-Line 
Rotary  Joint 

A 1-1 A-inch x  5/6-Inch x   .06^-inch ridge-waveguide 

coaxial-line  rotary   joint  (see   figure  2  of   the  fifteenth 

interim report)   was   tested  to  obtain  some   comparative  data  on 

rotary   joints.     Basically,   the   joint  consisted  of   a   taper 

from rectangular   to ridge  waveguide   and  a doorknob   transition 

from  the   ridge   to   the   coaxial  line.     Because   this   joint used 

ridge  waveguide,   it had  an  inherent  bandwidth of   the   order  of 

15  percent,   with  a V3WR  of  less   than 1.1  over   the  band. 
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The data are plotted in figure 85 in the form of a 

curve of In-power va ln-pressure.  The slope of this curve 

was 2.0, which is essentially the same as that for standard 

waveguido.  The peak power handling capacity at atmospheric 

pressure was 15 percent of full waveguide power.  The power 

handling capacity of 1-lA-inch x 5/8-inch x .Obi^inch wave- 

guide, computed by using standard scaling techniques for the 

frequency, cross-sectional area, and pulse width was found 

to be 2,5 megawatts.  (See paragraph h,,!,) 

The peak power handling capacity of the ridge wave- 

guide used was determined to be approximately 39 percent of 

the peak power handling capacity of rectangular waveguide by 

C using the equations derived in paragraph I4..6.  Since the 

rotary joint carried only 15 percent of waveguide power, or 

380-kw peak power, the ridge-waveguide portion did not cause 

the breakdown.  A calculation of the power carrying capacity 

of the coaxial portion of the rotary joint -showed it to be 

approximately I4.9O kw.  Since this was not much greater than 

the breakdown power of the joint, some consideration was 

given to the fact that a standing wave may have existed in 

the coaxial region between the two doorknobs, even though 

the input V3WR to the rotary joint was less than 1.1.  This 

was possible because the tests were conducted at the high- 

frequency end of the bandwidth and the two doorknob sections 
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of   the   joint may have  been  so  spaced  as   to  cause   a  slight 

mismatch in   the   coaxial  line.     If   a V3V*  of   1,25  did exist 

in   the   coaxial resion.   the  breakdown power  of   this  region 

would be   reduced   to  300 kw which was   the measured power. 

Ihus.   it  is   quite  possible   that breakdown  occurred  in   the 

coaxial-line  section.     On  the  other hand,   It  is  also possible 

that breakdown occurred in  the  region of   the  doorknob  since j 

this  was  a  region  of   Increased  field  gradients   and  is   often 

the  weak link in a rotary   joint. 

C.     Breakdown  Tests  on a Dual-Feed  Coaxial-Line  Rotary 
Joint 

A dual-feed coaxial-line rotary  Joint for 1-lA-lnch 

C x  cj/S-inch x  .064-lnch waveguide  was   tested.     It was  designed 

for  operation over  a  20-percent bandwidth with  a VSWR  lass 

than 1.15.     The   Joint was   composed  of   several  basic  structures. 

At   the   inputs  of   the   Joint,   the  main waveguide  was  divided 

into  a pair  of  reduced-height waveguides  by   a  septated  series 

junction.      The   septated waveguide   sections   contained  a pair 

of   double   quarter-wave   step   transformers  for matching  the 

coaxial-line  and  waveguide   Impedances.     A pair  of   reduced- 

height waveguides  were  used  in parallel   to  feed  opposite   sides 

of   the   coaxial  line.     The   transition  from  the   coaxial   to   the 

waveguide  mode  was  accomplished by  a  ccne-shaped doorknob 
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transition, and in addition there was a non-contact choke 

joint for the inner and outer conductors of the coaxial line. 

ihe references25'99 contain pictures and a detailed account 

of the electrical structure of the joint.  The data sho-.-n in 

figure 86 is a ln-power vs ln-pressure curve.  Ihe slope of 

the curve is 1.8 which is approximately the same as that for 

waveguide.  The peak power handling capacity at atmospheric 

pressure was found to be 17 percent of full waveguide power 

or 0.14.2 megawatt.  From a consideration of the basic struc- 

tures of the joint it appears that breakdown occurred in the 

coaxial line or the transition. 

■ 

10.5     Miscellaneous   Components 

a.     Breakdown  Tests   on  Sections  Containing  Hemispherical 
Bumps 

The  hemispherical  bump   section was   suggested by 

Wheeler Laboratories(20)   for   the  purpose   of   standardizing   the 

breakdown   tests  made   in various  laboratories   throughout  the 

country.     Wheeler  Laboratories   claim   that   the  bump  section will 

breakdown  at  one-ninth  of   standard waveguide   power  and  that   the 

dimension  of   the   hemisphere   is  not  critical.     Ihe  her.ispherical 

bump   or  spark gap  was   tested   to  investigate   the  effect  of   the 

bump  radius  on breakdown  and   the   linearity  of   the  power- 
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.050  inch 0.20 KW Ik.kZ 

0.l6 MW l3^ 0.100  inch 

0.150  inch 0.135 KW 9-7* 

I .hua.   the  infomatlcn reported by Wheel« Laboratories,   that 

I a  section  containing  a C.lCO-inch radius burr.p  will   carry  one- 

..   «♦■   tv,a   fMii   waveciiide  oower,   has  been ninth or  11 percent  of   the   fall vaveg^xu    t 

reasonably verified. 

«heeler  Laboratories'   statement   that   this   type   of 

bump  section would nake  an excellent  spark  gap   to use   as   a 

standard  for  comparing data  taken by  various   individuals 
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pressure  relationship   over  a  different  and larger  range   of 

pressures   than  was  previously  encountered. 

Tb»   test piece  was   a  standard  1-inch x l/2.inch x 

.C50-inch waveguide   with the  hemispherical bumps   inserted  as 

shown in figure  67.      ^ -suits  of   the   tests   on  a   ^O-inch. 

a  0.100-inch and  a  C.l50-inch bump  are   shown  in figure   8?. 

It  can be   seen  that   the   slopes   of   the   three   curves  are  essen- | 

tially  constant  at  approximately  1.7  and   the  power   carrying 

ability decreased  as   the  bump  radius  was  increased.     5y 

extrapolation  to  atmospheric  pressure,   the  results  for   the 

bumps  are  as  follows: 

Bump Radius o r.-rrpn* C«P>citj    Waveguide Power 
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throughout  th.   country,   seer.s  plauslbl..     As   they reported, 

the   spark-gap  ******  is   at  a   ccparatively low power  level. 

It  is  easily r.a.ched  and   snail   variations   in  the  dimensions 

of   the   bunp  do not have   a pronounced  effect upon   the  peak 

power  carrying  capacity  of   the   unit. 

b.     Breakdown  Tests   on  a Waveguide  Switch 

^ests  were   parfomed  on  the mechanically rotated 

waveguide   switch shown  in figure  12  of   the   twelfth interim 

report.     As  shown in  the  drawing,   the   switch consisted of  a 

rotor  and  contained   a  9C-degree E-plane  bend which was 

separated from  the   stator by  a nominal   .00>lncb gap.     A set 

of   choke  slots  were  machined  into   the   stator   to  increase   the 

peak power  carrying  capacity  of   decreasing   the   effect  of   the 

gap.     The   switch used  standard  l-l/L-inch x 5/6-inch x  .Cl- 

inch waveguide.     The   temperature   of   the   switch was  held  con- 

stant  and  independent  of   the  load  temperature  because   trial 

runs   indicated  that  switch heating  affected results.     This 

effect was  probably   caused by   changes   in  the  width of   the 

gap  between   the   stator  and rotor  resulting  from unequal heat- 

ing  of   the   two parts.      Tne   data  is  plotted  in  figure   67  as   a 

in-power  vs   ln-pressure   curve.     The   slope   of   the   curve   is 

1.93  and  the  peak  power  handling  capacity was  found by extra- 

polation  to be   1.05 megawatts   or  1*2 percent  of   full  waveguide 
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power  at  ataoapherlc   pressure.     E7  ex^ining   the   construction 

of   the  waveguide   switch and   talcing  into  account   the  dis- 

cussion  of   the   effect  of  gaps   in paragraph 10.1.   the  break- 

down  of   the   switch was   attributed   to   the  Z-Plane   bend. 

c.     Breakdown   lests   on an  Antenna  Assembly 

The  antenna assembly  shown in figure  22  of   the 

twelfth interim report  was   selected  for  breakdown power   tests, 

j Basically  the   unit  consisted  of   a waveguide   section  twisted 

! 9C  degrees,   a matching   screw  and  iris,   and  a   transition from 

rectangular-to-circular waveguide.     A  solid  Teflon cylinder 

I was  mounted  in   the   circular  waveguide   to  enable   the  waveguide 

to be   pressurized  and  also   to protect   the  waveguide  from  the 

elements.     Ihe   antenna  itself   consisted  of   a parabolic  re- 

fleeter,   to ensure  a good match at   the   input  to   the  antenna 

I assembly   Uince   this  wa.  how  the   antenna assembly was   crigi- 

1 rally matched).     Die  V3WR  at   the   test  frequency   (9375 r.c)   was 

1.10. 

A  ln-power  V3  in-pressure   curve  was  not plotted for 

this   component  since   the  unit  could not be  evacuated because 

I it  was   an  experimental model   and had  several  air holes   in   the 

I solder   joints.     Here   again   the   point  of   onset  stress  was 

I difficult   to   obtain  for   the   geometry  of   the  unit made   it 
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..melt  to datact .ra.Kdown with  tha photocall.     B-   taat 

art. indlcatal   that   tha   antanna a3Sa..bl7 would  aarry C.ZZk 

„asawatt at atnospharla prasaura   or 16 percar.t ot  standard 

wavegulda  powar  tarrying capacity. 

Iha   conatructlon ot   tha  antanna assanbly  (flgura 

,.  of   tha   twairth intanln napont)   Indlcatad  that  tha  wagest 

point,   inaofar  aa paa. powan  carrying capacity  la  concarnad. 

k.a3   th. Hatching scraw.     Conparlng  tha  data  on  tha  screw, 

Unsartad  .C6C   Inch Into  tha  wavagulda)   with  that for a   .CSC 

inch bur.p radius  tha  following was  obtalnad: 
„^A fhf.  nower  carrying capacity 

i/fc-UO screw Inserted ^J0^^ ne^awltt at 
.ObC  inch atcioapheric pressure 

v,ad a power carrying capacity 
.C5G-inch radius ™^  ^^ megawatt at  atmos- 

henisphere pheric  pressure 

It is  seen  that  the  data compares  favorably. 

• ^^^  ---ts  or  a Longitudinal Serrated Choke 

„O«T»^  rn us«   a longitudinal  choke Since  it  was  necessary   to us-,   a  j.««« 

I u   the  construction  of  certain .Icrowava  conponants   (such as 

„ansvar rotational   joints  and Fostar-Scannar phase  shifters), 

roe-surenanta  ware  nada  on a serrated longitudinal  choke. 

Figure  Zk ol   the   twelfth intarin report  Is  a sketch  of   the 

unit  tasted  together with  the  dinenalonal variations used. 
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A in-power  vs   In-pressure   relationship  was not 

plotted because   the   test unit  could not be  pressurized. 

«.       * tv.   -ests  were performed at atnospheric pressure. Therefore,   the   ues^s   wex-   y^ 

m,   data showed  that   the   serrated  choice   test »>it had a 

,ower handily  ability  greater   than 0.230 megawatt which 

■  renamed unchanged  for  all  the   dimensional  variations listed 

in flgnre  2I| of   tba   twelfth Interlr. report. 

„     Breakdown  lasts   on a Coaxlal-Llne-to-Wavegnlde Adapter 

B»  next unit  tested was  a 1-lnch . 1/2-lnch .   .050- 

inch  coaxlal-llne   to waveguide   adapter  Cflgure   6 of   the 

flfceenth Interlr, report).     Dx   alar.eter of   the  hall probe, 

its  position with respect  to  the  bottom wall of   the waveguide, 

and  the  spacing of   the   shorting plate  with respect to   the 

centerllne  of   the   coaxial line  detemlned  the VSW* and   th. 

bandwidth of   the unit.     Ihe  three  dlnenslor.s  shown In  the 

, tuur.  are   those  which have been found  to give   optlmun band- 

width and VS«.     The  V3W  of   this  adapter,  when  teminatad 

with  the  load used during  the   test was  1.15. 

| The   test  circuit used  to neasure  breakdown was 

basicalW  the   same   as   that used  in previous   tests  and  Is 

shown in figure  3.     «-  one  difference   In   the   circuit for 

this   test was   that   the  imm, lo^d was  In  the   coaxial line 

and was not isolated from the   test  piece  because  of   the 
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j   4r-   H«sieninc  a  coaxial p.e-sva« 
difficulty  Involved  in designxi t, 
aixiatuA   j HG,l8/U cable  was 

-v,,  -^ak oower  rating  of   the  rtu ^i 
However,   the  yeaÄ  JUWO _„,,,.  in 

•.   v   to  into«  that breakdown did not occur in 
sufficiently high  to  ins or- 

■    *   r^-tinß   to  note   that because   the 
this unit.     It  is  interesting 

„   ^^n^ral  breakdown did 
adapter  carried very little power a general 

i ^      in.."*,   the  arc-over «as  mterr.lttent and a 
not  occur,     msi»«»» ««-♦  «f 

^  t-^  rtatemine   the point  01 -v VQ«  beer  used  to  aewsmj."^ 
statistical  approach has  tee., 

w-.v,4-Mrv of breakdown, 
onset  stress  or   zero probability 

-.ntt^d  in figure 89 in  the  form of  a 
The  data are  plotted  ^n i ig 

i«  nressure  whose   slope  is  1.5.     irie 

curve  of   ln-power vs  ln-press„ 
1M  capacity  at atmospheric pressure  was i|.3 per 

power carrying  capa^i-y 

cent of   full waveguide  power. 

^ data ottained on tt.e coa.iaX-Une to wavegulde 

adapter dr.^cated a pea. peer carr^n, eapac.t. o. SO ^ 

a JoepKerU preeeure.     - pea. power carrylr.g  capac  t7  o. 

^   -ec-on or   the  adapter,   calculated ty uelns  the 
.he   coaxiax sec..on ^ ^ ^ 

standard equation lor coaxial lines,   was 

TaO-ie/C cahle used lor   the   termination h.d  a Pea. Power 

oarryln.  capacity  ol   at least USC ■«.    Keasure.ents  were 

.     on  the VS«.     Ihay  Indicated  that the naxlmun reduction 
•nade   on  tne   v^wn. J «  *,«. 

•«tar  of   tre   coaxial portion  of   the 
in power  carrying  capacit,   of 

r^   -V,P  V3WR  was   aporoximatexy 
adapter  or  of   the   cable  due   t«   -he  V.WH 

I 
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25  percon-..     n.us,   it  is  r^o.^   to  ass^.a   tnat  tHa   .rea.- 

d0M1 occur.ad be causa  or   *.  prasanca   of   tha  baii proba   in 

the  waveguide. 

f.     Breakdown  Tests   of   Hlgh-Power  Loads 

Iha hlgh-powar  dummy load,   tasted was  a 3parrj 

„icrolina  oroduc.   (Modal WO),  having  a 1-inoh x j/a-lnc* 

wavaguide  load.     »is  amployad a lossy-wall composed  of  a 

A   ^o^nt  to  absorb   the microwave  energy. mixture  of   carbon  and  cement  to  aosciu 

*.,   v     „r^oiiv  flow in  the  walls  cause  a heat Ihe   currents  which normally  now  in 
A  **m   incident power  is   thus dissipated, loss   in  the   carbon  and   the   incicent powo 

As  shown in figure  66.   the   inner dimensions  of   the 

waveguide   were   essentially unaltered  in  the  high-power region 

of   the  load.     There  was   a  slight  disturbance   of   the   cross- 

section because   tha porous  nature   of   the  lossy material 

«r™ «All  surface.     However,  breakdown resulted  in  a non-uniform w<^i   suriat«. 

A   «r   . section which did not differ  significantly 
still  occurred  ir.  a  sectiuu 

from  tha  G.900-Inch x O.^C-inch inner dimension  (I.D.)   of 

the normal waveguide. 

The   teat  circuit was   as  shown in figure  5 except 

i that  the  du.TOy load was now the   test piece.     Ihe  data was 

pxotcad  (figure   90).     The  slope   of   the   curve  varied between 

A«   ttom  order  of   l/5  atmosphere a value   of   2.0   at pressures   of   the   orde.   oi     ^ 
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and  1.0   in   the   region of   1/2  atmosphere.     Ihis  result  differed 

considerably fro.   the  earlier   constant  slope   curves   obtained 

using  a  standard  waveguide  as   the   test piece.     In   those  tests 

the   slope  vas  essentially  constant  at  a value   of   2.0 for   the 

saxae  pressure   range.     Before  discussing   the  reason for   this 

difference,   the  results  of   additional   tests  on high-pover 

loads  will bu  reported. 

A 1-1 A-inch x 5/3-inch waveguide   dunmy  load. 

Sperry Microline  Model  22*2.  was   tested.     This  unit  is   the 

sane  as   the  Model  UO0  except   .hat   the  waveguide   size  is 

larger.     Ihe   test   circuit  was   the   same   as  above  except  that 

a   tapered  section was  introduced between  the   load  and  the 

evacuating  adapter.     lests  were  made  using photographic 

paper  to establish conclusively   that breakdown occurred at 

the  load rather   than  the   taper. 

The   initial breakdown power vs  pressure   data for 

the  1-lA-inch x 5/6.inch dummy load was very erratic.     How- 

ever,   by meticulous   care   and great  attention   to  experimental 

technique   consistent  data was   finally  obtained.      The  results 

are   shown  in figure  91. 

A  comparison  of  figures  90  and 91  shows   that  at 

I the  higher  values   of  pressure   the  power handling   capacity  of 

I the  1-lA-inch x  5/a-inch load was   the   same  as   for  the  1-inch 
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x 1/2-lnch loai.  In addition, the slope of the two curves 

was essentially the same so that an extrapolation to higher 

values of pressure would indicate the sane power handling 

capacity for both loads.  In particular, an extrapolation to 

atmospheric pressure indicated that the loads would carry 3irr 

kw at a pu?.3e width of 2.35 microseconds and a repetition 

rate of l+OG pulses per second or the value for the 1-inch x 

l/2-inch waveguide under these conditions was 1.1 megawatt. 

This indicated that the load could carry 31 percent of the 

full waveguide power under these conditions of operation, 

A 1-1 A-inch x 5/3-inch x .061».-inch waveguide 

dummy load was tested to provide more information on existing 

dummy loads, n  load of a new design was utilized (figure 92). 

Basically, it consisted of several slots milled into the two 

broad walls of the waveguide and filled with a lossy material. 

The milled slots were tapered to improve the match, sind a 

VSUR under 1,1 over a 12 percent frequency range was achieved. 

It was found that the performance was a function of the tem- 

perature of the load; therefore, data was taken for both 

cooled and uncooled conditions.  Ihe data on the uncooled 

load was taken in conjunction with a waveguide switch.  How- 

ever, since other tests on the switch alone had indicated 

that it would carry twice as much power as the load, it has 

• 
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been reasoned that the load must have been the unit that 

caused the breakdown,  A curve of ln-power vs ln-precsur-e 

(figure 92) shows that the curve for the cooled load had a 

slope of 2.0, which is essentially the same as that for 

standard waveguide, while the uncooled load had a slope of 

1,U'     The power handling capacity at atmospheric pressure 

was found by extrapolation to be 5C percent of full waveguide 

power for the cooled durmy load and 23 percent of waveguide 

power for the uncooled load, ha   before, the power capacity 

of standard 1-1/1+-inch x 5/8-inch x .064-inch waveguide was 

scaled from the X-band data and found to be 2.5 megawatts. 

Some comments are now in order regarding the shape 

of the In power vs In pressure curves for the high-power 

loads.  aa previously noted, the slope of these curves fell 

off from a value of 2 to a value of 1 as the power was in- 

creased.  Ihls probably occurred because the temperature of 

the air within the load was raised by the heat developed in 

the lossy material.  Since the pressure within the load was 

kept constant by the evacuation system, this means that the 

gas density was reduced.  This reduction lowered the oower 

handling capacity by increasing the mean-free path of the 

electron, an effect similar to that caused by a reduction of 

pressure.  One would expect this effect to be more pronounced 

at the higher power levels where more heat is generated.  The 

curves show this to be true. 
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This   analysis   also  explains   the  erratic  data  which 

was   originally  obtained  with  the   1-1/Vinch x 5/6-inch  load. 

In   the   initial   tests,   breakdown  occurred under   transient 

conditions   before   the   temperature   and  pressure  were   stabilized. 

The   later,   and more   consistent,   testa   involved  a more  pains- 

taking  approach so   that   there   was   sufficient   time   for  equi- 

libriur;   to  be   obtained. 

g.     Breakdown  Testa   on  a  Waveguide   Step  Transformer 

A 1-1/Vinch x 5/8-inch-to-1-inch x 1/2-inch wave- 

guide   step   transformer   (figure   93)   was   tested   to provide 

information  on  step  discontinuties   in  waveguide.      The   trans- 

former  consisted  of   a  set  of  four  steps,   spaced a quarter 

wavelength  apart.      This   transformed   the   1-VVinch x  5/6-inch 

waveguide   cross   section   to  a  1-inch x 1/2-inch waveguide 

cross   section.     oince  each  step presented  only  a  small   dis- 

continuity  and   since   the   steps  were   spaced so   that   the 

multiple  reflections   cancelled  each  other,   the   transformer 

had  a V3WR  under  1.C5  over   the  frequency  range   from  Si+OO mc 

to  11,000 mc. 

The   data  was  plotted   (figure   93)   and   the   curve   of 

ln-power  vs   ln-pressure   had  a  slope   of   2.1,   which  is   the   same 

as   for  standard waveguide.      The  peak  power handling   capacity 
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at  atnoapheric  pressure,   referred   to  1-lnch x  1/2-inch wave- 

guide,   was   1.15 megawatts   or  83  percent  of  full  waveguide 
power. 

h.     Breakdown  andjilgh Power Performance   Tests  on  an 
Aosorption-Iype  Perrlte   Isolator 

An  absorption-type  ferrite   isolator  used  in   the 

building-block  phase   of   the   contract   to  isolate   the  magnetron 

from large  mismatches  was   tested   to evaluate   its  perfor  ance. 

ihe   isolator  is   a  device   that   transmits   energy from  a generator 

to  a  load  with  little  attenuation  and  attenuates  rapidly   the 

energy reflected  from  the   load   towards   the  generator.     Thus, 

large mismatches   on   the  load  side   of   the   isolator  do not 

affect   the   operation  of   the   generator.      The  particular  unit 

tested  was   the  Litton  Industries  üodel   X20L  for  1-lnch x 1/2- 

inch waveguide   as   shown  in  figure   9U.     This  model  utilizes   a 

transverse  permanent magnetic  field   that  is   applied   to  a 

ferrite   strip  cemented   to   the   waveguide   wall;   it  operates   on 

the   basis   of   the   resonant  absorption principle   of  ferrite 

materials   at microwave  frequencies.     Ihe   low power  V3WR  of 

the  unit  at  9375 mc  was  1,10   in both  the   forward  and  reverse 

directions   and high-power   isolation measurements  indicated 

that  the  unit would provide  more   than 1?  db  isolation  at all 
power  levels. 

. 
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The   breakdown  data  are  plotted   as   a  In-power  vs 

in-pressuro   curva   (figure   91+).     Note   that   the   slope   of   the 

breakdown power  vs  pressure   curve  varied  from a value   of   l.U 

at  pressures   of   the   order  of   1/3  atmosphere   (In pressure   = 

2.3)   to  O.U  in   the   region of   1   atmosphere   (In pressure   = 

3.i4.).     ihis   result  differs   considerably  from  the   constant 

slope   curves   obtained   for most   of   the   components   tested  pre- 

viously,      rhe   change   In   the   slope   of   the  power-pressure   curve 

was  attributed   to   the   temperature  rise   in  the   component at 

high-power  levels   similar   to   the  effect noted  for   the   dummy 

loads   (see   paragraph lC.5f).     Hefer   to  sixteenth  and   seven- 

teenth  interim reports.      The   data  indicates   that   the   isolator 

carried  170  kilowatts   (peak power)   at  atmospheric  pressure 

for  a pulse   width  of   1.2 microseconds   and  a repetition rate 

of   Ö0C  pulses  per   second,   or   12  percent  of   full  waveguide 

power. 

Since   this  was  not   sufficient,   a  large   (1-lA-inch 

x  5/0-inch)   X-band  isolator  was  used  for  increased power 

handling  capacity. 

The   unit   tested  is   (see   figure   95)   a product  of   the 

Cascade  Research  Corporation  and  is  designated  as  Unlline 

Model  HL66-96.     It  is   similar   in  design and  operates   on  the 

same  principle   as   the  Litton  Industries Model  X20L unit. 
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The manufacturer claims that it can carry more power because 

of the larger waveguide size.  At a frequency of 9375 mc, the 

VSWR of tho SL86-96 unit was measured and found to be 1.03 in 

the forward direction and 1.09 in the reverse direction. 

From information reported by the manufacturer, the forward 

attenuation is 0.5 db and the reverse attenuation is more 

than 9 db. 

The data, shown plotted in figure 95, is a In-power 

vs In-pressure curve whose slope varies from a value of 2.1 

at pressures in the order of lA atmosphere (in pressure = 

2.0) to 1 in the region of k/10  atmosphere (In pressure = 2.5). 

A similar variation in slope was observed in the tests on the 

Litton Industries hodel X20L isolator (see figure 91+).  The 

slopes of the curves for bo^.h components differ considerably 

from the cons tant-slope curves obtained for most components 

tested.  The dotted line in figure 95 represents a reasonable 

extrapolation of the data (under the circumstances) to atmos- 

pheric pressure and indicates that the HL66-96 isolator is 

capable of carrying 310 kw or 12 percent of waveguide power 

for a 1.2-microsecond pulse width and an 600-pulse-per- 

second repetition rate. 
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10.6  Comparison of Data Taken in X-, C-, 3-, and Large 
3-Band Components 

In order to meet the specifications of C- and 3- 

band radar systems, high-power breakdovm measurements were 

made on several components in these waveguide sizes.  This 

system testing was done under other contracts.  However, 

since the information obtained from these tests presented an 

opportunity to check some of the data obtained under this 

contract and, also, since it helped to justify the use of 

scaling techniques, the data obtained in the four waveguide 

4- 21I|. CONFIDENTIAL 

sizes are compared in this report. 

Basically, the same test circuit and measurement 

techniques employed in X band were also used for the C- and 

the 3-band tests (figure 11 of the fifteenth interim report). 

The C-band circuit consisted of a power source to supply the 

pulsed r-f power, a set of pressure windows to enable the 

pressure in the test section to be varied Independently of 

the rest of the system, a viewing bend, a photocell and 

electronic counter to detect breakdown, and a water load and 

thermocouple to measure power.  The 3-band circuit was the 

same except that a directional coupler and power bridge 

calibrated against a water load was used to measure the power. 

The r-f power level was varied at the source since tests 
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i indicated  only  a minor  deterioration  of   the  pulse  width and 

shape   as   the  power   level  was   varied.     3ince   the  equipment 

and   test  conditions   were  not  as  refined  as   the   X~band   tests, 

the  probable  error   in   the   tests  was   estimated   to be   15 

percent. 

Radioactive   cobalt  was  used  in all   tests   to  reduce 

the   waiting   time   and  improve   the   accuracy.     The   test  data 

were   taken by  keeping   the   power   constant and  varying   the 

pressure  until  breakdown  occurred.     Thla   information was 

plotted  as  ln-power  vs In-pressure,   and  in all  cases  a 

straight  line  resulted.     This  indicated   that   the  power- 

pressure   relationship  is   a power  function,   which  checks  with | 

X                           the   K-band  information and  provides  a firm basis  for   the 

interpretation  of   the  data. 

In   cable   12,   the   data  on   the   components   are   com- 

pared  on   the   basis   of  both percentage   of  full  waveguide  power 

at  atmospheric  pressure   and   the   slope   of   the   curve   of  ln- 

power vs  in-pressure.     The   slope   of   the  power-pressure   curve 

is   given  in  table   12  since   it presents  a means   of   double- 

checking   the   data.     An analysis   of   the  method  used   to  scale 

the  power   carrying   capacity  of  waveguide   is  presented  in para- 

graph U.7.     A discussion  of   the   assumptions  used  in  determin- 

ing   the  pulse-width  and  repetition-rate   scale  factors   is  given 

in   the  fifteenth  interim  report. 
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TABU':   liJ 

COMPARISON   OF BREAKDOWN  DATA  IN  VARIOUS FREQUENCE BANDS 

Component 

Doorknob 
type 
coaxial- 
line 
rotary 
joint 

Vertabrae 
type 
flexible 
waveguide 

E-Plane- 
junction 
hybrid 
ring 

Moreno 
type 
direc- 
tional 
coupler 

X BAND 

(1" x In 2 
.050") 

1$ percent 
of swp-"- 
2.0 slope 
(ridge 
waveguide) 

51+ percent 
of swp--- 
dual-slope 
curve 
resulted 
in aver- 
age slope 
of 1.8 
(twelfth 
interim 
rp t. ) 

19 percent 
of swp-"- 
1.6 slope 
(twelfth 
interim 
rpt.)   

Dielectric 
type phase 
shifter 

(31 db) 
25 percent 
of swp" 
I.I4. slope 
(eighth 
interim 
rpt. ) 

C BAND 

(2" x 1" x 

.06^") 

6 percent 
of swp-"f 
1.6 slope 
(rectangu- 
lar wave- 
guide ) 

l8 percent 
of swp-"- 
1.1 slope 

17 percent 
of swp--- 
1,8 slope 

(lj.0  db) 
23 percent 
of swp-* 
1.6 slope 

12 percent 
of ■wp* 
no curve 
obtained 

-»-Standard waveguide power 

S BAND 

(3" x 
x ,080") 

1 2 

20 percent 
of SWP" 
1.3 slope 

LARGE S BAND 

(3.560" x 1.860" 

x .080") 

of 6 percent 
swp-ii- 
1.7 slope 
(rectangular 
waveguide) 

1)4.  percent 
of swp* 
1.6 slope 
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The   information  in   table   12  represents  a practical 

engineering  comparison  and  should not be   considered  as  a 

controlled laboratory experiment.     When viewed  in  this  light 

the   information  is most  encouraging.     A detailed  analysis   of 

the   corresponding  components  in  the  various  size  waveguides 

is  given  in  the   fifteenth  Interim report. 

11.     BUILDING BLOCK INVSSTIGATICH 

11.1     Introduction 

The   investigation of   the   breakdown of   the  micro- 

wave   components  reported   in  the  previous   section has   suggested 

an interesting fact.     Components  of  widely varying functions 

but  with  similarities   in  physical  structures  showed   close 

agreement  in   their high-power  breakdown behavior.     This  fact 

suggested   that  an  investigation  of   the   basic microwave 

structures  from which  components   are   sythe si zed might be 

useful   to microwave  engineers  for  optimizing   the  high-power 

performance   of   existing   components   and designing new com- 

ponents.     The   data  on  several  basic microwave   structures 

will now be  presented. 

Ihe   same   test   techniques  used  in  the   components 

test were   again utilized.     The   test  circuit  is   shown  in 

figure   5.     It  is  basically  the   same  as   that used for most  of 
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the  previous   component   testing  except   that  the  HL86-96  ferrlte 

isolator  was   inserted  in   the  pressurized portion  of   the   cir- 

cuit  in  order   to   isolate   the  magnetron  from excessive  mis- 

matches  developed  by   the   test piece. 

• 
11.2    Breakdown Data  on  Waveguide   Iris 

a.     General 

Ihe first structure investigated was the waveguide 

iris.  ihis structure is often used on waveguide transmission 

lines for matching purposes. 

ihe effect of an iris in waveguide has been discussed 

** by several authors'"' in terms of an equivalent circuit con- j 

sisting of lumped constant parameters.  If the iris is thin, 

the equivalent circuit will consist of a susceptance shunted 

across the waveguide at the point of the discontinuity.  The 

magnitude of the susceptance will change with frequency, so 

that the analysis will be rigorously correct for a single 

frequency, or approximately correct for a small frequency 

band. 

The iris plate is usually placed perpendicular to 

the axis of the waveguide.  If the edges of the iris opening 

are parallel to the electric field of the dominant mode, the 

•::-3ee ref. 69, p. 21? et. eeq. and ref. 8l, p. 114-2 et. seq. 
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equivalent circuit is an inductive reactance shunted across 

the waveguide.  If the edges are perpendicular, the equivalent 

circuit is a capacitive shunt reactance.  The irises thus 

described are referred to as inductive and capacitive Irises 

respectively. 

Several possible iris designs are shown in figure 

96.  Note that the aperture can take several geometric shapes, 

depending upon the portion of the cross-sectional area occu- 

pied by the iris.  The symmetrical Inductive and capacitive 

irises reduce the waveguide opening in the a and b dimensions 

to a' and b' respectively (figures 96a and 96b).  The 

asymmetrical inductive and capacitive irises do likewise, 

but extend into the waveguide from only one side (figures 

96c and 96d). 

b.  Inductive Irises 

Data on the symmetrical inductive iris are shown 

in figures 97 and 98. 

The range of discontinuities tested encompasses the 

range normally encountered in radar design problems.  All of 

the curves are straight lines with slopes varying between 

2.1 and 2.If.  Figure 97 contains data on variation of break- 

down power with iris opening (a') for a series of l/32-inch 

n.9 CONFIDENTIAL 

T]ßtfm\ ■ i "tt ijl-rw •"—'r 



i 

CONFIDENTIAL 

thick s/rmnetrlcal inductive irises. Figure 90 also contains 

data on iris opening, but in this case the thickness is l/6i|. 

inch. 

Table 13 shows the results of the teste on break- 

down power vs iris opening.  Ihe first column lists the iris 

dimensions; the second column the measured V3WR of the iris 

at low power; the third column the power handling capacity 

of the iris referred to standard waveguide at atmospheric 

pressure, obtained by extrapolating the data; and the last 

two columns list the predicted power handling capacity.  The 

first prediction was based on the VSWR present on a lossless 

mismatched transmission line due to the iris reflection co- 

efficient  calculated from equation (15).  The second pre- 

diction was based on the reduction in cross-sectional area 

calculated from equation (30).  In the calculation based en 

equation (15) it was assumed that the energy reflected from 

the iris was absorbed without reflection by the Uniline 

isolator, or in other words that there was no resonant 

cavity effect.  This assumption was reasonable since the 

1.09 reverse VSWR of the Uniline indicated that the power 

reflected from it was 2? db down from the incident power. 

220 CONFIDENTIAL 

, ^nw». mn^'i'iCTOise. 



CONFIDENTIAL 

TABLE 13 

SUMMARY OP BREAKDOWN riEST3 ON INDUCTIVE IRISES 

Iris 
Dimensions 
a»(inch) t(inch) 

Measured 
V3WR 

Measured 
Power 

Handling 
Capacity 

Predicted Power Handling 
Capacity 

V3WR   (Eq.   15) Area   (Eq.   30) 

0.760 1/32 1.22:1 öo/0 84^ 84% 

0.694 1/6^ 1.37:1 72^ 75% 77^ 

0.695 1/32 1.45:1 64;» 71% 77% 

0.615 1/32 2.1:1 57°^ 55% k%% 

0.550 1/32 3.1:1 43^ iM 61% 

0.1^.90 1/64 4.4:1 35/0 38/o 54^ 

0.1+90 1/32 5.2:1 35/o 36^ 55/o 

0,1*20 1/32 11:1 28/. 30^ 47/0 

Figure 99 shows a curve of percentage of waveguide 

power vs VSWR for symmetrical inductive irises.  As the VSWR 

was Increased, the maximum voltage present in the waveguide 

was increased and hence the peak power handling capacity de- 

creased.  The theoretical curve is for a single mismatch on 

a lossless transmission line, as calculated from equation 

(15).  The experimental points show excellent agreement with 

the theoretical curve.  At no place do the curves differ by 

more than 6 percent which is within experimental error. 
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Tests   were   performed   on   a   series   of   asymmetrical 

Inductive   irises   shown  in figure   100.     The  VSWR's   of   the 

irises  were   varied  from 1.32   to  5.6;   these   values   are   repre- 

sentative   of   the   Irises  encountered  in practice.     The  data 

are  presented  in figure   100  as   ln-power  vs  ln-pressure   curves 

which are   straight  lines   with  slopes   varying  from 2.0   to  2.2. 

ihe  results   of   the   tests   on  asymmetrical  inductive   irises  are 

presented  in   table  lU  in   columnar  form.     The  first  column 

lists   the   iris   opening,   the  next measured  V3WR,   the   third 

measured  power   capacity,   and   the   last  column  lists   the   power 

handling  capacity predicted  by  equation   (15). 

TABLE   111 

SUMMARY  OF  BREAKDOWN   TESTS  ON 

ASYMMETRICAL   INDUCTIVE   IRISES 

'I 

Window Opening 
a' 

(inches) VSWR 
Power  Handling 

Capacity 

Predicted Power 
Handling  Capacity 

(equation 15) 

0.760 1.32 75^ 77^ 

0.711 1.63 75^ 65^ 

0.630 2.70 53fo h7% 

0.603 3.50 kQ% kl% 

o.5i+4 5.60 27% 
. . . 

35% 

n 

B 
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x , 

It can be seen tvvm   table lU   that the breakdown of aaymme trical 

inductive irises follows the relationships obtained for the 

breakdown of a waveguide transmission line due to a standing 

wave, as predicted by equation (15). 

The next tests were performed on three types of 

capacitive irises:  (1) a symmetrical Iris with various window 

openings, (2) a symmetrical iris with various window thick- 

nesses, and (3) an asymmetrical iris with various window 

openings.  The data have been plotted in figures 101, 102 and 

103 as ln-power vs In-pressure curves.  Each graph contains 

a diagram showing the pertinent dimensions of the appropriate 

•»-■Kio 4 ,~V^ -H  ■!■».-,- »V» r\ r* r\        n T /^» . rt  *r »1 TttT iris.  All the curves aru n i-i^äj-^ü»» ^JLHHB   wü^üij a^v^^sa   vuij 

from 1.2 to 1,5.  These slopes are significantly less than 

the approximately square-]aw relationship between power and 

pressure which was obtained for standard waveguide. 

' 

A  chart  showing   the   different  irises   and  their 

measured  peak power  handling   capacity  at  atmospheric pressure 

as   a percentage   of   the  power  handling  capacity  of   standard 

1-inch x  l/2-inch waveguide   is  presented  in  table   15.     The 

slopes   of   the   ln-power  vs  In-pressure   curves  are   also  included. 

The   data  obtained   on   the   inductive   and   capacitive 

irises  have   indicated  a marked  difference   in power  cerrying 
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■ capacity between the two units.  (Inductive-iris power carry- 

ing capacity was approximately 10 times that of a capacitlve 

iris with the same reflection coefficient.)  This factor can 

be utilized in the design of matching structures for microwave 

components since the choice of an inductive or capacitive re- 

actance is determined by the physical position at which the 

reactance is inserted.  By selecting the position for an 

inductive reactance the power carrying capacity will be in- 

creased ton fold.  It should be mentioned, however, that this 

technique will slightly reduce the bandwidth of the component 

if more length is required between the matching structure and 

the component. 

11.3 Breakdown Data on Waveguide Steps I 

a.  General 

The waveguide step was next investigated,  Ihls 

structure is widly used In microwaves as an impedance trans- 

former for different size waveguides.  Basically, the waveguide 

step is an abrupt change in either the dimension of the broad 

wall, the narrow wall, or both.  Broad wall and narrow wall 

waveguide steps have been discussed in terms of equivalent 

circuits by Marcuvitz and Moreno",  If the step is lossless. 

»See ref. 69, p. 296-302, 307-310 
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TABLE 15 

SUhMAF.Y" OF BREAKDOWN DATA FO« CAPACITIVE IRISES 

Type 

i 

Window 
Opening 

b'    (inch) 
Thickness 

d   (inch) 

i 
j 
i 

V3WR 

Power   capacity 
Relative   to 

Standard 
Waveguide   at 
Atmospheric 
Pressure 

Symmetrical 
capacitive 
(capacitance 
varied) 0.236 

0.188 

1/32 

1/32 

l.ifO 

1.75 

9.8$ 

6.6^ 

0.126 1/32 2.60 k.5% 
0.078 1/32 k.ko 3.6?£ 
0.060 1/32 5.60 2.7^ 

Synme trical 
capacitive 
(thickness 
varied ) 

0.166 

0.166-::- 
iM 
1/32 

1.63 

1.75 6.6% 

0.186 1/16 2.10 7.9% 

0.060 l/6i| k.70 2.6% 

0.060-::- 1/32 5.60 2.7% 

0.060 1/16 9.30 3.k% 

Asyrane trical 
capacitive 
(capacltance 
varied) 

0.286 

0.238 

1/32 

1/32 

1.32 

1.60 

7.6% 

6.6% 

0. 200 1/32 2.30 k'9% 
0.152 1/32 3.50 3.7% 

0.136 1/32 ^.20 2.9% 

;-reporduced from above for convenient comparison 
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the   offeet  of   the   discontinuity  can  be   represented  by  o   Shunt 

susceptanco   on   the   transmission  line.     The  waveguide   steps 

tested  are   shown  in  figures  101+.   105,   106.     The  equivalent 

circuits   for   the   steps   (with  the   assunpeion   that   the   losses 

are  negligible)   are   also  included.     As  was   the   case  for   the 

iris,   it  is   seen  that  a  broad-wall   step   is  represented  by  a 

capacitive   ausceptance   and   the  narrow-wall   step  by  an  in- 

ductive   susceptance.     Zlnce   it  was   desirable   from   the  view- 

point  of  practicability   to  retain   the  1-inch  x l/2-inch 

waveguide   in   the   test  circuit,   it  was  necessary   to utilize 

two  steps   in   the   test  piece.     This   allowed   an  additional 

parameter,   the   length  of   the   step,   to be   varied  and   thereby 

yielded  information  on   the  proximity  effect between   two  steps. 

b.     Inductive  Steps 

Breakdown  data  on   the   symmetrical  inductive   step 

is   shown   in  figure   10k.      The   slopes   of   the   In-power  vs   In- 

pressure   curves  are   1.9  for  both   test pieces   which is  essen- 

tially   the   same   as   for   standard  waveguide.     The  power  handling 

capacity  of   a   transmission with a  single mismatch was   calcu- 

lated  from equation  1$ utilizing   the  measured  VSWR'a   of   the 

steps.      ihe  results   arc   summarized   in   table   16. 
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TABLE   16 

a IMMARX  OF BREiOaXH«  DATA  ON   INDUCTIVE   STEPS 

a: VSVvR 

C.600 1.^7 

0.700 3.0 

(at atmospheric pressure) 
? calculated P neasured 

71/1 76% 

It can be seen that the neasured values were larger than the 

calculated values.  In the worst case (a1 = 0.700 inch) the 

two values differed by 17 percent.  Since the calculated 

values represent the naxlmum power the transmission line 

can carry, the difference between the theoretical and experi- 

mental results must be   attributed to experimental error. 

Tor the smaller step (a» = 0.800 inch) the difference is 7 

percent and for the larger step (a1 = 0.700 inch) the dif- 

ference is 17 percent.  Since the calculated values represent 

the maximum power carrying capacity of the transmission line, 

the difference between the measured and calculated results 

must, be due to experimental errors.  The experimental error 

associated with the test circuit has been estimated to be 

plus or minus 9.1+ percent (see paragraph 7.1+).  In order to 

account for the 17 percent difference, the waveguide and step 

data would have to be in error by almost the maximum amount, 

and of opposite signs.  Since this is very unlikely, the 
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difference   is  probably not  due   to   the   test  circuit accuracy 

but  rather  some  hitherto  neglected  source   of   error.     One   very 

likely  source   of  error  lies   in   the measurement  of   the  VSWR  cf 

the   step.     The  measurement  wa;   made   on  a  standard  impedance- 

meter  setup  utilizing  a  crystal  rather   than  a Littlefuse  for 

the   detecting element.     Zince   the   crystal  does not maintain 

a  square  law response   over  a  wide  range,   it may have   lad   tc 

an error  in   the  measurement  of   the  VSUR  of   the   a =  0,700  inch 

step.     Measurerients   taken  at   this  laboratory  on  a  sampling 

of   crystals   indicate   that   the  error  can be   as  high as  25 

percent  for   a  3:1  voltage   ratio.     This   would  lead   to  a V2WR 

of   2.25  and  a  calculated  power  carrying  capacity of   52 percent, 

j-his   is   in  closer  agreement with   the  breakdown data  and  is   the 

most probable  explanation  of   the   results. 

• 

Cnce it was established that the breakdown of the 

symmetrical inductive step was due to the standing wave 

created on the transmission line by the mismatch, as was 

also found for the inductive iris, the tests were terminated 

without investigating the effect of varying the step length, 

or use of asymmetrical steps since this could not be expected 

to yield any new information. 
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c,  Capacitive Steps 

.the results of the breakdown tests on capacitive 

steps are shown in figures 105 and 106.  Figure 105 contains 

the results on five quarter-wavelength-long, symmetrical, 

capacitive steps and one-half wavelength step.  Figure 106 

contains data on five quarter-wavelength asymmetrical steps. 

Ihe slopes of the ln~power vs In-pressure curve are signif- 

icanoly different from square-law relationship lor linear- 

ileld breakdown in standard waveguide.  This Indicated that 

the step was causing E-fleld distortion which resulted in 

non-uniform field breakdown.  ihis type of breakdown is 

characterized by a lowering of the slope of the power-pressure 

curve.  ihe slope of the curves are predominantly 1,5 which 

indicates that the field configuration for the step remained 

relatively insensitive to large changes in the step dimension. 

This result agreed with the data on the hemispherical bump 

section (see paragraph 10.5a) where it was found that the 

slope was again fairly independent of bump radius. 

j-he results of the tests on the capacitive stops 

are summarized in table 17.  By referring to tably 16, it 

can be readily seen that the capacitive steps can carry con- 

siderably less power than the inductive steps for a given 
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waveguide opening.  This result will be discussed more fully 

in paragraph 11.8 as a characteristic of capacltive structures. 

TABLE 17 

SUMMARY OF BREAKDOWH DATA Oil CAPACITIVS STEPS 

bj Pl/bifo VSVR 

Symne t ric al: 

0, 3Ö0 

C. 360 

0, 31+0 

0. 320 

0 .200 

0 .360 

Asymrr.e trical 

r .390 

0 .360 

0 .37C 

c .360 

c .300 

95,^ xgA 1.10 

90^ xg/i+ 1.20 

Q$% xg/i» 1.35 

&o% X£A 1.56 

SOih ^gA 3.60 

90^ ^g/2 1.06 

97.5yo xg/U 1.08 

95^ >-gA 1.13 

92.5^ Xg/i* 1.20 

90^ ^gA 1.21+ 

75* xgA 1.73 

Power Handling Capacity 
of Test Piece at Atmos- 
pheric Pressure Relative 
to ^tandyrd Waveguide _ 

6C?b 

35^ 

27^ 
20^ 

13?» 

21;% 

8l3t 
39^ 

303« 
21+7^ 

11+^ 

By comparing the information in table 17 for the 

capacative step with the results for the symmetrical capacl- 

tive iris in table 15, it can be seen that for a given wave- 

guide opening (b'A), the performance of these two structures 
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are nearly in agreement.  Thus, just as the performance of 

the Inductive step and iris were found to be similar, an 

analogous relationship holds between the capacitive step and 

iris. 

Several interesting results may be obtained from 

table 17.  First, the symmetrical capacitive step carried 

about 50 percent more power when the step was a quarter- 

wavelength long than when it was a half-wavelength long. 

This can be explained by the fact that the two equal shunt 

susceptances comprising the equivalent circuit of the step 

add in phase for a, half wavelength and are out of phase for 

a quarter wavelength.  ihus, when the quarter wavelength step 

was used, the reactances tended to cancel and minimize the 

field distortion.  When the half-wavelength step was used, 

the reactances added in phase, tending to increase the 

distortion. 

Table 17 also Indicates that the symmetrical capac- 

itive step carried somewhat more power than the asymmetrical 

one for a given value of b»/b«  '^i3 amount varied from 50 

percent to about 30 percent as hx/h  was decreased. 
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11.1+    Breakdown  of   a  Capacitive   Waveguide  Post 

A metallic  post  extending part way   across   a wave- 

guide   parallel   to   the   electric  field  is  used   quite   often for 

such  applications  as   a  launching  probe,   a detecting probe, 

or  a matching   structure.     For   these  reasons   an  investigation 

of   the   breakdown of   this   type   of   post  was   considered  important. 

Figure   k of   the  nineteenth  interim report  shows   a   typical   test 

fixture   that  was  used   in   the  breakdown   test.     It may  be   seen 

that   the  length 1,   the  diameter  d,   and   the   shape  of   the  end 

of   the  post may be   varied. 

Ihis   structure,   treated   theoretically  and  experi- 

mentally by Moreno'"'"   and  Marcuvitz"'',   was  found   to  exhibit 

resonance  phenomena  similar   to  a  shunting  series-resonant 

circuit for   a  particular  value   of  post  diameter  and  length. 

However,   for  most  applications   the  resonating  property  of   the 

post  is  not utilized.     Therefore,   it  has  been  called  a  capac- 

itive   post   to   take   cognizance   of   the   fact  that  its  reactance 

is   capacitive   in most  applications.      The  equivalent   circuit 

for  a  centrally located metallic  cylindrical  post  of  variable 

height,   as  given by  Marcuvitz,   is   shown  in  figure   10?. 

«sea ref. 8l, pp. 102-153 
»«see ref. 69, pp. 271-273 
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Experimental  data  Is  presented  by Marcuvitz  which  indicates 

that   tha  reactance   Xb  is  negligible  for most post lengths 

and  diameters. 

Tests  were  made   on   the   breakdown  of  posts   of   various 

lengths  for   two different  conditions.     First,   the  posts  were 

located  centrally  in   the   waveguide   (x equel   to  0.1|5C)   and 

second,   at  a point  one  quarter  of   the  distance  from wall   to 

wall   (x equal   to  0.225).     At  each position,   breakdown data 

was   obtained  for  C.125-inch and   0.250-inch posts  with both 

hemispherical  and flat ends.     The  results   of   the   tests  for 

the   flat-ended  posts   are  plotted  in figure   10?  and   those   for 

the   hemispherical-ended posts   are  plotted  in figure  108.     It 

is   seen   that   the   slopes   of   the  majority  of   the   ln-power  vs 

ln-?ressure   curves   fall  between  l.k  and  1.7.     Those   cases 

where   the   slopes  were   1,8   or  1.9  vere  attributed   to   the 

limited  amount  of   data   taken,   from which it was   impossible 

to   accurately  determine   the   slope.     ihe  power  handling 

capacities  determined   in   the   tests   on  the   flat-ended  and 

hemispherical-ended posts   are   summarized  in   tables  18   and 19 

respectively,   as  percentages   of   standard  waveguide  power  at 

atmospheric  pressure.     The  V3WR  of   the  post  and   the   slope   of 

the   ln-power  vs  In pressure   curve   are   included  in   these 

tables. 
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# TADLE   16 

SUMMARY OF BREAKDOW«   lESTS  ON  FLAX-ENDED   CYLINDRICAL POSTS 

' 

X 
(inch) 

1 
(inch) 

d 
(inch) VSWR 

Power  Handling 
Capacity   (^  of 
Standard  Wave- 
guide  Power  at 
Atnospheric 
Pressure) Slope 

O.U50 C.Ol+l C.125 1.10 10.6 1.5 

o.U5o 0.090 0.125 1.3k 5.3 1.6 

0.1*50 0.148 0,125 2.5 2.3 1.7 

0.1*50 C.20U 0.125 5.U 1.9 1.7 

0.225 o.c5o 0.125 1.0l| 15.1+ i.U 

0.225 0.097 0.125 1.16 7.9 1.5 

0.225 0.150 0.125 1.5 3.5 1.5 

0.225 0.200 0.125 2.6 1.7 i.k 

0.225 0.050 0.250 1.06 17.2 1.5 

0.225 0.150 0.250 2.0 U.9 1.5 

C.^50 0.05c 0.250 1.16 1U.8 1.5 

c.kSc 0.1GC 0.250 1.9 7.U i.U 
0.1+50 0.150 0.250 3.0 5.1 1.5 

0.1+50 0.205 0.250 b.U 6.1+ i.U 
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TABLE 19 

3IÄWARX OF BREAKDOWN TESTS ON 

HEMISPHERICAL-ENDED CYLINDRICAL POSTS 

1 

i Power Handling 
Capacity   (^  of 
Standard  Wave- 
guide  Power  at 

x 1 d      \ Atmospheric 
(inch) (inch) (inch;j VSWR Pressiire) Slope 

0.1+50 0.050 0.125 1.01+ 12.9 1.5 

O.I4.50 0.100 0.125 1.26 7.2 1.6 

Q,kS0 0.150 0.125 1.75 5.1 1.6 

c.kSo 0.200 0.125 U.i 1+.9 1.6 

0.225 0.O45 0.125 1.01 31+.3 1.7 

0.225 0.095 0.125 1.09 16.7 1.6 

0.225 0.150 0.125 1.1+1 6.6 1.6 

0.225 0.200 0.125 2.2 3.6 1.8 

C.225 0.050 C.250 1.01+ k5. 1.9 

C.225 0.150 C.250 1.1+3 12.1+ 1.9 

0.14.50 0.050 C.250 1.06 26.5 1.7 

C.Ü50 0.150 0.250 2.2 11.1+ 1.6 

In order to observe how the power carrying capacity 

of the post varied with diameter, position and shape, the 

Information in tables l8 and 19 was replctted as shown In 

figures 109, 110, and 111.  Figure 109 contains graphs of 

power handling capacity vs post length as a function of 

position and diameter for the flat-ended post.  Figure 110 
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contflins   similar  graphs  for   the  hamispherlcal-ended  posts. 

In  figure   111,   the  power handling  capacity  for   the  flat-ended 

and henispherical-ended posts   are   compared  as  a  function  of 

length,   position,   and   diameter. 

Correlation  of   this   information leads   to  several 

general  conclusions   about   the   performance   of   the   cylindrical 

waveguide  post.     It was  found   that   the power handling  capacity 

of   a  given  post  can be   increased  as  much  as   three   times  by 

rounding  the  end.     This  was  accomplished by  a  slight lowering 

of   the   reactance   of   the  post. 

The  results   that   the  power   carrying  capacity  of 

waveguide   components  could usually be  improved by removing 

sharp  edges   agreed with  the  practical  experiences  gained  in 

the   component   testing  phase   of   the   program.     It was   also 

concluded   that   the  power  carrying  capacity  of   the  post  in- 

creased as   the  diameter  increased.     The  effect was  accompanied 

by  an  increase   in V3WR.     This   fact  would be   an  advantage   If 

the   post  were   to  be  used  as   a matching  structure.     The  re- 

quired VSWR   can  be   obtained  with less   sacrifice   in power 

handling  capacity  with  a large   diameter  post   than with a 

small  diameter  post.     Although  the   resonant post  is  extremely 

flexible   as   a matching  structure,   it has  little   other use   in 

high-power  applications,   since   other  structures,   such as   the 
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• Inductive iris, have a far creatGr power  carrying capacity. 

It was found that there is a tendancy for the power carrying 

capacity to increase as the position of the post was changed 

fron the center of the waveguide to the side.  This result 

was expected since the electric gradient reached r.aximun in 

the   center of the waveguide. 

11.5 breakdown of a 'ihin Strip in Rectangular V/aveguide 

I 

a.  Inductive Strip 

A thin strip of metal of width d, centrally located 

in the broad dimension and extending across the waveguide 

with its edges parallel to the electric field as shown in 

figure 112, is called an inductive obstacle.  This structure 

was selected for tests both because of its application as a 

matching device and for comparison with other types of 

matching structures. 

The equivalent circuit""" of this structure is an 

inductive susceptance shunted across the line.  As d was 

increased, the admittance also increased until the waveguide 

was completely closed off by the metal strip and the wave- 

guide was terminated in a short circuit.  If the thickness 

of the post is not neglected, the equivalent circuit of the 

-;;-see ref. 8l, p. ll+5 and ref. 69, p. 22? 
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inductive obstacle can be considered a tee network as shown 

by Marcuvitz".   However, for most cases, the magnitude of 

the reflections from such a structure can be computed by 

considering only the shunt arm of the network.  The series 

arms have an appreciable effect only on the phase M the 

reflection. 

xhe results of the tests on an inductive strip 

with a thickness, d equal to 0.2^0 and a V3WR of 8.9 are 

plotted in figure 112 in the form of a ln-power vs In-pressure 

curve.  The power carrying capacity of the strip relative to 

standard waveguide at atmospheric pressure was 12 percent 

and the slope was I.I4.  This is considerably less power than 

a mismatched transmission line with a V3WR of 8,9, calculated 

to carry from equation 15.  Thus, it can be concluded that 

the disturbance ol the field, due to the inductive obstacle, 

caused gradients to be set up in the neighborhood of the 

structure which were greater than the gradient produced on 

the transmission line because of the mismatch, 

b,  Capacitive Strip 

A thin metallic strip of width d, centrally located 

in the narrow dimension and with edges perpendicular to the 

S 

rsee   ref.   69,   p.   263 
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electric field as shown in figure 113, has for its equivalent 

circuit a capacitive susceptanco",  2516 results of testn made 

on this type of structure as the width of the strip was varied 

are shown in figure 113.  The power carrying capacity of this 

structure relative to standard waveguide at atmospheric 

pressure, for d equal to 0.100 and 0.200 inches, was 11+ and 

7 percent respectively.  The slope of the ln-power vs In- 

pressure curve was l.ij. in both cases. 

11.6 Breakdown of Waveguide Capacitive Rod 

239 CONFIDENTIAL 

A waveguide rod is a metal cylindrical which ex- 

tends across the walls of the waveguide perpendicular to the 

direction of energy propagation.  If the axis of the rod is 

perpendicular to the broad wall of the waveguide, it may be 

represented by a shunt inductance"".  Physically, the in- 

ductive rod is an extension of the capacitive post discussed 

in paragraph 11.U.  The post was capacitive for the initial 

penetration, then resonant, and then inductive for penetra- 

tions up to and including the opposite wall.  Because of the 

extensive data obtained on the capacitive post and the in- 

ductive strip, both of which can be expected to perform 

similar to the inductive rod, it was decided not to perform 

«aee ref. 69, p. 221 and ref. 8l, p. lU6 
-:H;-see ref. 69, p. 257 
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tests on the rod.  On the other hand, if the axis of the rod 

is perpendicular to the narrow wall it may be represented 

by a tee network of three capacitivo susceptances provided 

the losses are negligible". 

The breakdown of this structure was investigated 

for three values of rod diameter d and the results are plotted 

in figure lll^.  The data for these tests are summarized in 

table 20. 

TABLE 20 

SUMMARY  OF BREAKDOWN  DATA  ON   THE 

CYLINDRICAL   CAPACITIVE  ROD 

ÜSäLDiwwter (d Inches)       VSWR 

0,05c I.OU. 

0.10C 1.26 

0.150 2.6 

Power Handling Capacity 
at Atmospheric.P.r@ssur§ .Slopa 

2k.1% 

19. "# 

1.6 

1.5 

1.6 

Note that as the d'.ameter of the cylindrical rod 

was increased, the power handling capacity decreased and the 

V3WR increased, as was expected. 

rsee ref. 69, p. 268 
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11.7 Breakdown of Waveguide Apertures 

Sampling of the microwave energy in a waveguide is 

accomplished by placing small apertures  in the wall of the 

waveguide at a suitable position.  In small aperture  couplers, 

energy is uaually abstracted ly interrupting the current flow- 

ing in the walls of the waveguide.  This represents a radia- 

ting source for the secondary waveguide, and electromagnetic 

energy can be propagated. 

Directional couplers are obtained by combining two 

or more slots in such a manner that the waves generated in 

one direction add in phase. 

The current flowing in the walls of a rectangular 

waveguide propagating the dominant iEin mode in the z direc- 

tion are shown in figure 115.  Two examples of non-radiating 

apertures  are, a long thin slot in the center of the broad 

wall of the waveguide parallel to the z direction (as is used 

in the slotted-line impedance meter), and a thin slot in the 

narrow wall parallel to the y direction.  This is so because 

these slots cause only a slight disturbance in the current 

density distribution.  Radiating slots, which are of more 

interest to the present discussion, occur whenever either the 
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x component (Jx) or the z  component (jgJ of current density 

is interrupted.  The amount of radiation from the slot de- 

pends upon Its size, shape and position. 

Quantitative information on the effect of these 

parameters applied to directional couplers may be found in 

a report furnished to the Department of the Army".  The size, 

shape, and position of the slot also affects the breakdown 

of the slot.  However, the relationship is complicated by 

the Interplay of several effects.  For example, breakdown may 

occur across the slot due to current arcing.  This in turn 

may produce a space charge which distorts the electric field 

and causes voltage breakdown.  Another example, the normal 

current distribution is disturbed by the slot, and causes a 

perturbation of the propagating mode.  This results in electric 

field distortion and increased gradients leading to breakdown. 

This effect can be contributed to the bunching of the electric 

field caused by the sharp edges of the slot.  For a particular 

coupling slot geometry, any one of these effects may predom- 

inate,  therefore, no general theory for the breakdown of 

coupling slots can be given at present. 

..-Final Report for unidirectional Couplers Research and Devel 
opment Program furnished by the Sperry Gyroscope SmpaSy 
to the Army Squier.  Signal Corp Engineering Laborat??? 
on Contract No. r .-36-039-3c-5i4.86 ^«uoratory 
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The   test piece   used   to  lnvestln-«t«   <->,    v, •i-uvestigate   the  breakdown  of 
^Perturoa     t.  shom in flgure  ^     ^ ^^^ ^^^ ^ 

-do  Klth  the  varlous  3lots   to ^  lnvestlgated_     ^^ 

«on« ra.latlng apertures were  ^^^ !!ince  ^ ^^^^ 

« one  or „ore .*««„« .lee. for dtreoWona! coUpllng 

purposes  does not: afl'e^t  *■>-■.  K-    I ^ 
allect   Mis  breakdown.     Tb*  secondary arm 

was machined   to fit «n   i-v, 
all   the primary arms  and was  soft soldered 

to each one  in  turn for  test purposes       Th« purpose3»     ^e  secondary arm of 
tho   teat piece  „ea naceasary malnly for p,..^«,^ 

Poeea.     aWa   teat piece  elimlnated  dupllcatlon  of many ^^ 

-d  at   the  aane   ttoe  rcoved extrancoua  variablea  auch ea 

aolder   Jolnta  from   the primary  arm. 

B-  reauita  of   the   teats  on a  aeriea  of  thin aiota 

in   the  broad wall parallel   to  the  direction  of 
oirection of propagation 

are   shown in ficurp  n*.       w 
Hgure  .16.     Pigu,.,  117  shows   the  data for a 

round hole   in   the  broad  wall        an u*   , 
tM     ^ a11'     A11 mac^ning burrs were  removed 
from  the   test pieces   to  insure  a good  test       »1. 

* guoa  test.     The power handling 

capacity  of   the   apertures  relative   to standard waveguide  at 

atmospheric pressure  is  summari.ed in  table  21.     ^ results 

of  attenuation measurements  between   the primary  and aecondary 

lines  are  also  included. 

i 
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TABLE 21 

3ÜMMAHI OF BREAKDOWN TESTS ON APERTURES 

In general, note that when the aperture did not 

appreciably aifect breakdown, the test piece carried nearly 

full waveguide power and the slope of the In-power vs In- 

pressure curve followed approximately a square law function. 

As the aperture appreciably affected the power handling 

capacity, the slope dropped to about 1.5 indicating a change 

in the breakdown mechanism as when bunching of the E-fieId 

takes place.  The broad wall couplers explained in paragraph 

10.2 had similar slots and were also characterized by slopes 

of approximately 1,5. 

Transverse 
Slot in 
Broad  Wall 
of   Test 
Piece 
 .— 

Position   (P) 
(inch) 

Length  (L) 
(inch) 

Width  (W) 
(inch) 

Power 
Handling 
Capacity Slope 

Att. 
(db) 

1 0.150 O.I4.OO 0.063 Q2fo 1.9 35 
2 0.225 0.200 0.063 &2f0 1,9 53 
3 0.300 0.400 0.063 38% 1.7 31 

k 0.225 0.500 0.100 27% 1.5 53 
round hole 

5 
j 

0.225 
I 
0,0%. 
(diameter)    j i 

2.0 60 

! 

„, 
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Examination of the data in table 21 more closely 

reveals several interesting facts.  First, for test pieces 

1 and 3, which differed only in the position of the slot, it 

was seen that the slot placed 0.300-inch, or 6? percent of 

the distance from the center line to the outside wall, 

carried nearly half the power of the slot displayed 33 per- 

cent of the distance, while the attenuation of both slots was 

the same.  This indicated that current breakdown was the con- 

trolling mechanism since the electric field was larger in 

the center of the waveguide and the current was a maximum 

at the side wall.  Since the coupling from both slots was 

the same, this result may be useful in the design of direc- 

f tional couplers provided bandwidth and directional properties 

can still be retained. 

It can be seen that test piece 2 in which the 

position and length of the slots were changed carried 82 per- 

cent of total waveguide power.  Although the position of the 

slot was shifted to 50 percent of the distance from the 

center line, the reduction in the length of the slot reduced 

the amount of current lines interrupted and thereby diminished 

the likelihood of current arcing.  This observation was 

supported by the fact that very little power (53 db atten- 

uation) was radiated from the slot.  In test piece k,   the 

i 
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slot was placed in the same position as In the second test 

piece, but it was lengthened and widened.  It is difficult 

to say which one, or to what degree these parameters reduced 

the power handling capacity from 82 to 2? percent. 

The results, using test piece 5 with the round hole, 

indicated that it could carry essentially full waveguide 

power.  However, because the coupling was more than 60 db 

down, the use of this type of aperture may be limited to the 

very high-power systems in which the measurement of one one- 

millionth of the main-line power (60 db) is feasible. 

ihe use of multiple holes will reduce this objec- 

tlonal feature if directional characteristics and bandwidth 

requirements can be met this design shows promise. 

11.Ö  Comparison of the Breakdown Data on Ihe Bulldln« Block 
Structures ^ iJ-LW'~*' 

a.  General 

Several of the building-block structures investi- 

gated, namely, the iris, the rod, and the strip nay be rep- 

resented as a equivalent circuit having pure shunt suscept- 

ances.     Since   they  often  find  application as   an  impedance 

t 
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matching device, this Information should be useful for 

determining the best structure for obtaining a desired re- 

actance at a given point in a high-power transmission line. 

Ihe data on these structures have been previously 

presented in paragraphs 11.2, 11.5, 11.6.  Tha results will 

be repeated in this new form of presentation with the suscep- 

tances calculated from the measured VSWR•s or curves given 

by Marcuvitz*.  For brevity, only the symmetric structures 

will be considered.  However, the results may be readily 

extended to the asymmetric structures from the information 

presented in this report. 

Jf b'  Inductive Structures 

The physical geometries and equivalent circuits 

for the symmetrical inductive iris and strip are shown in 

figures 96 and 112.  Figure llöa shows the power handling 

capacity of the iris and the strip as a function of the 

equivalent inductive susceptance. The  susceptances of the 

structures were calculated from the measured VSWR»s with the 

assumption that the structures were lossless, pure-shunt 

reactances.  This assumption is applicable for thin structures, 

and since the thickness of the iris and the strip was only 

"see  ref.   69,  p.   268 
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0.031 inch, or 2 percent of the guide wavelength, It was 

considered a valid assumption.  It can be seen from figupt 

116a that the iris carried approxixnately 2.i/2 tlmes more 

power than the strip for the saxne value of inductive suscep- 

tances.  ihis indicated that the breakdown mechanism for the 

two structures was different.  For example, it was concluded 

in paragraph 11.2, that for the iris, the breakdown was 

actually due to the standing wave setup on the transmission 

line which caused the line to breakdown.  For the strip, 

breakdown probably occurred in the region of the structure 

due to increased gradients caused by the electric field 

distortion.  Iherefore, there is an Important distinction 

that can be made between the breakdown of waveguide struc 

^-ures.  Breakdown will either occur on the transmission line 

at some point towards the generator due to the VSWR, or It 

will occur at the structure due to the electric field dis- 

tortion.  Ihe first caSe. represented by the iris, permits 

transmission of the maximum Power that the mismatched line 

will carry, whereas, the second case, represented by the 

strip, iimits the power handling capacity of the line.  All 

waveguide structures may be divided into these two categories 

Where a choice can be made, it is preferable to use the 

first type. 

' 
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c.  Capacitlve Structures 

2^9 CONFIDENTIAL 

The equivalent circuit breakdown characteristics of 

several syrunetrlcal capacitlve structures such as the iris, 

the rod, and the strip can now be considered.  The physical 

geometries and equivalent circuits Tor these structures are 

shown in figures 96, 113, and 111,.  ^ results of the tests 

are shown in figure ll6b, as a percentage of standard wave- 

guide power carrying capacity at atmospheric pressure vs the        \ 

acceptance of the equivalent circuit.  ^ susceptance of 

the iris and the strip were calculated from the measured 

VSWR.s with the assumption that the structure could be rep- 

^ resented by thin lossless, capacltlve-shunt susceptances. 

^he susceptance of the rod was calculated using the Infor- 

mation given by Marcuvit^.  it can be notlced (b/ comparlng 

ligure 116a and llSb) that the capacitlve structures are 

capable of carrying considerably less power than the inductive 

structures.  .his result is understandable since capacitlve 

structures launch E-type modes im)   which create greater E- 

field gradients in the region of the structure.  Prom figure 

118b it can be seen that the capacitlve iris and strip carry 

approximately the same power for a given susceptance.  This 

was not unexpected since the structures have identical 

equivalent circuit parameters, and somewhat similar geometries, 

■"■see ref. 69, p. 268 
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The data obtained for the rod indicated a power handling 

capacity two to three times greater than the iris and strip 

for a given susceptance,  A complete analysis of these re- 

sults was not attempted due to the complexity of the field 

structure in the region of these structures.  However, the 

results can be analyzed qualitatively, 

ihe rod presented a rounded surface to the electric 

field.  This tended to reduce the intensity of the electric- 

field lines terminating on the rod as compared to the in- 

creased electric-field gradients caused by the bunching of 

the electric field on the sharp edges of the strip and iris. 

As with the capacitive posts discussed in paragraph 11.U» 

empirical evidence indicated that an increase in power 

handling capacity from two to three times is not unusual 

when sharp edges are rounded, 

SECTION D 

CONCLUSIONS 

12.  GENERAL CONCLUSIONS 

A survey of the available literature on the subject 

of high-power breakdown has shown that a number of different 

theories exist regarding the field of high-power breakdown. 

Each of these theories describe breakdown as an increase in 
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current across the breakdown gap due to electrons being 

created in the gap at a rate greater than the removal rate. 

Breakdown is caused by an electron avalanche, wherein an 
■ 

initial electron, accelerated by the applied field, creates 

new electrons by collisions with neutral molecules. 

The existing data on microwava breakdown was dis- 

cussed and appraised.  It was first shown that in the case 

oi Cooper's work, the statistical approach led to consistent 

results which agree with theory.  The work performed at M.I.T. 

was then discussed and the discrepancies observed in these 

experiments were traced to the fact that a statistical ap- 

proach to breakdown was not adopted.  The work of Lathrop and 

Brown, MacDonald and Brown, and Heriin and Brown was also 

discussed.  It was shown that in each of these experiments, 

special conditions existed which reduced the inherent error 

because the statistical approach was not used. 

An experimental approach to the problem of micro- 

wave breakdown was presented.  This approach was based upon 

the concept that the breakdown process is a statistical one, 

wherein the probability is a function of the initial velocity 

of the slectron, its phase relative to that of the r-f field, 

and its position in the gap.  On this basis, there can be no 

absolute minimum breakdown power, nor will any one criterion 
s 
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of   breakdown  be   suitable  for  every  application.     Thus,   a 

curve   of   sparking probability  vs  power  was  plotted  and   the 

breakdown power  for  a particular  application was  determined 

by  a   judicious  use  of   the  resulting  curve. 

The   initial  breakdown  tests   indicated   that   the 

statistical  approach yielded  valid  and reproducible   infor- 

mation,      xests  were  made   to  determine   the  breakdown power  of 

a  straight  section  of   1-inch x l/2-inch waveguide  using  a 

1-inch x  l/2-inch   tapered  waveguide   section.     This   test piece 

was  used  as   the   standard for  1-lnch x l/2-inch waveguide  and 

was  re tested  at various   times  during   the   course   of   the  pro- 

gram with good  consistency. 

The  maximum power-handling  capacity  of   a 1-inch x 

l/2-inch waveguide   was   computed   to  be   I.I4. megawatts.     This 

value   applies  for   the   following  conditions: 

pressure 

pulse  width 

repetition rate 

VSWR 

frequency 

atmospheric 

1.2 microseconds 

800 pps 

1.00 

9375 mc 
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After several unsuccessful attempts, a method was 

devised to locate the region of breakdown on the interior of 

the 1-inch x l/2-inch waveguide section.  A contact-type 

photographic printing paper was placed against the inner 

walls of the waveguide and the light from the spark on the 

sensitized paper was thus recorded.  It was shown that the 

sparks traveled back towards the generator and occurred at 

intervals which were very nearly one quarter of the waveguide 

wavelength, 

'rests were conducted to determine the effect of 

external irradiation upon the power-carrying capacity of 

waveguide.  It was shown that the use of one millicurie of 

radioactive cobalt increased the probability of breakdown, 

but did not lower the minimum power required for breakdown. 

Additional measurements were made of the variation 

of breakdown power with pressure.  In these tests the pressure 

was varied between $  inches and kO  inches of mercury (abso- 

lute pressure) and radioactive cobalt was employed.  The 

data indicated that for this range of pressure the breakdown 

power was proportional to the pressure raised to an exponent. 

For waveguide, the exponent has a value of 2, 

253 CONFIDENTIAL 



:*^i*' 

CONFIDENTIAL 

It was also found that the peak power handling 

capacity varied inversely with the pulse width raised to the 

1/3 power.  ihis expression is justified only up to pulse 

widths smaller than 2.35 microseconds since above this value 

the power capacity will remain essentially constant.  These 

results were obtained using pulse widths between O.I4. and 3.^5 

microseconds and repetition rates of 1^.00 and 600 pps. 

The peak power handling capacity varied Inversely 

with the repetition rate raised to the l/l5 power.  This 

relationship was obtained using repetition rates from i^OO to 

2500 pps and at a constant pulse width of 0.1^. microseconds. 

Tests on the effect of mechanical surface finishes 

(on all four waveguide walls) on peak power handling capacity 

indicated that an RM3 3C0-i+00 finish carried 89 percent of 

the full waveguide power with essentially the same slope for 

the ln-power vs ln-pressure curve as that of standard wave- 

guide.  A finish as rough as RMS 650-850 carried 7^ percent 

of the full waveguide power with the same slope for the ln- 

power vs ln-pressure curve as standard waveguide. 

Tests were made to investigate the effect of sulphur 

hexafluorlde gas UF^) upon peak power breakdown.  It 

found that the power carrying capacity of waveguide and 

was 
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waveguide components Increased as the ratio of 3F  to air 
6 

Increased.  For high SF6 gas purity, an Increase In power- 

carrying capacity by a factor of approximately 6:1 can be 

expected for most waveguide components. 

For a O.C12-lnch swayback section filled with air, 

the power handling capacity varied Inversely with the pulse 

width raised to the 1/3 power and Inversely with the repe- 

tition rate raised to the 1/1$ power over the range from 

0.1+ to 2.35 microseconds and U00 to 2500 pulses per second. 

The data on anodized waveguide indicated that the 

anodizatlon process had a negligible effect on the power- 

carrying capacity of waveguide. 
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For a O.C12-inch swayback section filled with 3F, 
6 

gas, the power handling capacity varied Inversely with the 

-oulse width raised to the 0,22 power and inversely with the 

repetition rate raised to the 0.12 power over the range from 

O.k  to 2.35 microseconds and i|00 to 2500 pulses per second. 

The increase in power handling capacity for a 3F, 

filled, 0.012-inch swayback section over that for an air- 

filled C.012-inch swayback section was in the ratio of 

approximately 11:1.  iTils agreed with Information reported 

in the literature. 
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A theoretical analysis indicated that the power- 

carrying capacity of waveguide will vary nearly as the ratio 

l.U:l over the normal operating frequency range. 

Ihe effect of V3WH upon peak power handling capacity 

was theoretically and experimentally investigated for the 

following cases: 
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a.  a single mismatch present in a lossless transmission 

line, b. a lossless, matched, resonant cavity formed by two | 

mismatches properly spaced in a wavegu'de, and c,  a lossy f 

mismatched resonant cavity.  ihe experimental results „ere | 

in agreement with the theoretical analysis. 

Tests on properly aligned choke-to-cover and cover-       ^ 

to-cover flange connections indicated a power handling 

ability which is the same as that for standard 1-lnch x 1/2- 

inch x .050-lnch waveguide.  Test data has been presented 

which indicate the manner in which the power handling capacity 

of these connections were reduced by misalignment. 

Taste on heliarc-welded sections showed that the 

peak power handling capacity was reduced to as low as 60 

percent of waveguide power.  The tesc pieces were cut through 

the croS3-section and examined to determine what conditions 



CCNPIDENTIAL 

actually existed.  It was found that the pieces that carried 

less power had mechanical deficiencies. 

j.he power handling capacity of a number of waveguide 

components was determined,  Ihe breakdown tests on inter- 

locked and convoluted types of flexible waveguides Indicated        • 

a peak power handling capacity of i^O percent of full wave- 

guide power at atmospheric pressure.  The breakdown character- 

istics were the same whether the unit was straight or, twisted 

90 or l60 degrees. 

xests were made on a contact flange for RG-163/U 

waveguide developed by ü,3. Navy underwater Sound Laboratory, 

xhe results indicated that the flanges could carry as much 

power as the waveguide. 

The data on E-and E-plane bends are presented in 

tables 9 and 10 respectively.  A theoretical analysis indi- 

cated that the power handling capacity of the K-plane bend 

was 97 percent of standard waveguide with very little de- 

pendence on the bend radius.  The actual values agreed with 
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Tests on the peak power handling capacity of a 

vertebrae section resulted in a dual-slope curve and the 

power handling capacity at atmospheric pressure was Sh  psr- C power nandllng capacity at atmospnerlc pressure was i?i| per- 
I 

cent of the full waveguide power or 0,73 megawatt. 
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this   rcGult  v,'ithin experimental  error.     Ilie   actual  and pre- 

dicted values   of   power  handling  capacity for E-plane  bends 

compared  quite  favorably.     The  90-degree  H-?lane mitred 

corner  carried  61). percent  of   standard  waveguide  power.     This 

resulted  in  an  agreement with   the   test  on  the  H-plane  bends. 

lests  were  made   on four  90-degree   waveguide   twist 

sections  from l-l/U-wavelengths   to ii-l/S-waveiengths  long 

and  one  1+5-degree   twist I-I/I4.-wavelengths   long.     Most  of   the 

twists  carried  close   to  full  waveguide  power.     However,   a 

short  length  twist  appeared   to  be  more   sensitive   to mechanical 

defects  which  tend   to  reduce   the  power  capacity. 

The  breakdown powers   of  1-inch x  1/2-inch crossed- 

guide   and   two-hole   couplers,   and  a l-l/l^-inch x 5/6-inch 

Schwinger   coupler  were   experimentally  determined.      The  re- 

sults  indicated   that   the  power  handling  capacity  of   couplers 

varied from  about  2C  percent   to  essentially  full  waveguide 

power. 

The  H-plane   tee   carried  about SO  percent  of   the 

standard  waveguide  power.     Extrapolated  to   atmospheric 

pressure,   this   indicated  a power  carrying  capacity  of   one 

megawatt.      Ihe  power  varied  as   the   square  of   the  pressure 

for   this  unit. 

& r 

1 
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Ihe  E-plane   tee   broke down  at  85 kw at  atmospheric 

pressure,      xhis   v;as   six percent of   the   standard waveguide 

power.     For   this  unit   the  power varied  as   the  pressure  raised 

to   the  1.3 power, 

ihe magic   tee  behaved  like   the  E-plane   tee.     Ex- 

trapolation  of   the   data   to   atmospheric  pressure   indicated  a 

power handling   capacity  of   110 kw,   which  is  8  percent  of   the 

standard waveguide  power.     For   this  unit   the  power varied 

as   the  pressure   raised  to   the  1,1+ power, 

ihe   branch-guide   coupler  exhibited   the   character- 

istics   of   the E-plane   tee   in  a less marked fashion.     The  data 

indicated  a power  handling   capacity  of  I4.OO kw at  atmospheric 

1.7 power. 

Ihe  breakdown   tests   on   the E-plane  hybrid ring 

indicated  a  slope   of   1.6  for   the   ln-power  vs  In-pressure 

curve  with a peak power  handling   capacity  at  atmospheric 

pressure   of  19  percent  of   the  full  waveguide  power,   or  0.256 

megawatt. 

The breakdown tests on the T!-!,-.-! rotary Joint pro- 

duced a result which had not been encountered previously in 

this  program.      ihe  ln-power  vs  ln-pressure   curve   consisted 
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pressure.      ihe  power  varied  as   the   pressure  raised   to  the 

:    -    - 
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of   two regions   of   constant  slope  separated  by  a range   of 

pressure  wherein   the  power was   independent  of   the  pressure. 

The   slope   of  both  curves  of   ln-power  va  ln-pressure  was  2.0 

and   the  peak power handling  capacity  at atmospheric  pressure 

was   0.193 megawatt,   or  11+ percent of   the  full  waveguide  power. 

The  breakdown   tests   on  the   ridge-waveguide   coaxial- 

line   rotary   joint  indicated a  peak power handling  capacity 

of  15  percent  of  waveguide  power  at  atmospheric  pressure. 

The brsakdown tests on the dual-feed coaxial-line 

rotary Joint indicated a peak power handling capacity of 17 

percent  of   standard  waveguide  power. 

The  data  obtained  on   the  hemispherical  bump  section 

agreed reasonably well  with  that reported by  Wheeler Lab- 

oratories.     The  unit was   capable  of   carrying  10  and  15 per- 

cent  of  waveguide  power  for  bump radii   of   0.150  inch  and 

0.050   inch respectively. 

i'ests   on   the  mechanical  waveguide   switch and  dummy 

load   indicated  a peak power handling  capacity  at  atmospheric 

pressure   of   1.05 megawatt,   or  I4.2 percent of   the  full   wave- 

guide  power,   with a  slope   of   1,9 for   the  ln-power  vs  In- 

pressure   curve. 
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Tests on the antenna assembly Indicated a peak 

power handling capacity of 0m22l± megawatt at atmospheric 

pressure. 

The longitudinal serrated chokes had a peak power 

handling capacity at atmospheric pressure of greater than 

0,230 megawatt. 

The data on the coaxial-line-to-waveguide adapter 

Indicated a power handling capacity at atmospheric pressure 

of L(.,3 percent of full waveguide power. 

Breakdown tests were made on 1-lnch x l/2-inch x 

.C50-inch and l-l/i^-inch x 5/6-inch x .064-inch waveguide 

dummy loads.  The results Indicated that at low power levels 

the load can carry essentially the full waveguide power.  At 

high power levels, the heat developed changed either the 

pressure or the density of the gas.  This made the peak 

power handling capacity of the load dependent upon its 

particular application, 

ihe breakdown tests on a new design dummy load for 

the cooled and uncooled conditions indicated a 'oower handling 

capacity at atmospheric pressure of 50 and 23 percent of 

full waveguide power, respectively. 
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The data taken on the Model X20L Isolator (for 1- 

inch x 1/2-inch waveguide) and the Model HLÖ6-.96 Uniline iso- 

lator (fcr 1-l/U-inch x 5/8-inch waveguide) indicated a peak 

power handling capacity of 12 percent of standard waveguide 

power. 

CoiTiparison of data taken in X, C, and 3 bands 

indicated an encouraging correlation between similar com- 

ponents in the various bands. 

The waveguide structures tested were the iris, the 

step, the post, the strip, and the aperture.  The breakdown 

tests on symmetrical and asymmetrical inductive irises 

agreed, within experimental error, with the theoretical 

analysis performed for a single mismatch on a lossless trans- 

mission line.  This analysis indicated that breakdown occurred 

on the transmission line because of standing waves, and that 

the power handling capacity varied inversely with the factor 

(1 ♦ 1 D2. 

Ihe breakdown tests on symmetrical and asymmetrical 

capacitive irises indicated that their power handling capacity 

was about 10 percent of that of an inductive iris with T;he 

same V3WR.  The asymmetrical iris carried about 30 percent 

less power than the symmetrical iris for a given window 
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opening.  As the thickness of the iris was increased from 

l/6ii. to 1/16 inch the power handling capacity was increased 

by 25 percent. 

Ihe data on the symmetrical inductive step agreed 

with the results for thd inductive iris. Ihe breakdown was 

due to the standing wave setup in the waveguide, 

'ihe high-power performance of the capacitive step 

was found to have the same relationship to the inductive 

step as existed between the inductive and capacitive iris6 

The data on tho cylindrical capacitive post are 

summarized in tables l8 and 19.  It was found that the power 

handling capacity depended on the end shape, the diameter, 

the length, and the position of the post in the waveguide. 

It was found that an inductive strip with an 8.9 

VSWR carried 12 percent of waveguide power.  The data on the 

thin capacitive strip indicated that the power-carrying 

capacity decreased as the width of the strip was increased. 

I 

The data on the cylindrical capacitive rod are 

summarized in table 20 and indicates that the power handling 

capacity decreased with rod diameter. 
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The data In waveguide apertures Indicated that the 

power handling capacity of an aperture depends upon its shape 

and position. The power handling capacity of a broad wall 

aperture was found to depend on the current density in the 

wall of the waveguide at fie aperture. Apertures which do 

not disturb the normal mode current distribution can carry 

more power. 

ihe breakdown of the structures that can be repre- 

sented by a simple equivalent shunt susceptance were compared 

as a function of susceptance.  It was found that the inductive 

structures carried considerably more power than capacitive 

structure for the sane magnitude of susceptance, 

1 

PART II 

RECOMMENDATIONS 

13.  GENERAL RECOMMENDATIONS 

A large amount of information was obtained on the 

breakdown of microwave components.  Included are the important 

design parameters which affect breakdown, and the techniques 

for making accurate and reliable breakdown measurements. 

Ihis information should be widely publicized in order to 

guide microwave engineers in the development of high-power 

radar systems.  In particular, much of the previous work in 
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the   field had  limited  value  because   of  unsatisfactory   test 

techniques.     It  should be  emphasized   that  only by proper 

care  can    experimental date yield significant information 

for   the  complete   classification  of   the  power handling  capacity 

of  microwave   components. 

Because  of   the excessive  outlay  in  time  and money 

required   to  sot up  and maintain  a high-power   testing facility 

at  individual  companies  working  in  the   field,   it  is  recom- 

mended  that high-power  test facilities  in all major frequency 

bands be  set up at  convenient locations   throughout  the 

country.     In  this manner  the  high-power facilities may be 

used by all  the  services  and civilian establishments  on a 

cooperative  basis   thereby permitting  the   Interested personnel 

to  directly  share   the  expenses   and  information of   such  a 

venture. 

Studies   of   the  breakdown behavior  of microwave 

structures should be   extended  to  other  structures   such as 

dielectric  loaded  waveguides   including both   the   ordinary 

dielectrics  and ferrites.     Subsequently,   using  this  infor- 

mation as  a guide,   experimental  and  development work  should 

be  performed  to  obtain  components  of   optimum design for 

microwave  applications. 
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7? 

P Studies   of  breakdown  properties  and   the   subsequent 

development  of  high-power  components   should be  extended   to 

both   the  lower  and  higher microwave  frequencies   where  new 

radar   systems   are  being  suggested  or  developed. 

t 
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FIGURE 15 
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FIGURE  26 

POWER  VS PRESSURE 
FOR 650-850 RMS FINISH 
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FIGURE 41 

POWER VS. PRESSURE   FOR MISALIGNMENT 
BETWEEN COVER  FLANGES IN VERTICAL PLANE 

FOR  l" X  1/2" X 0.050" WAVEGUIDE TEST  SECTION 
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FIGURE  42 

POWER VS. PRESSURE  FOR  MISALIGNMENT 
FOR COVER FLANGES IN HORIZONTAL PLANE 

FOR l"X 1/2" X 0.050" WAVEGUIDE TEST SECTION 
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FIGURE   43 

POWER  VS   PRESSURE  FOR COVER  FLANGES MISALIGNED 
0 020" IN BOTH  HORIZONTAL AND VERTICAL  PLANES 
FOR  l" X   1/2" X 0.050" WAVEGUIDE TEST   SECTION 
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FIGURE 44 
POWER VS PRESSURE FOR 

CHOKE-TO-COVER FLANGE CONNECTION 
(fx 1/2" x 0.050" WAVEGUIDE) 
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FIGURE 45 
POWER VS PRESSURE FOR CHOKE-TO-COVER FLANGE CONNECTION 

HAVING A 0.020"VERTICAL MISALIGNMENT 
U"x l/2"x 0.050" WAVEGUIDE) 
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FIGURE   46 

POWER VS PRESSURE FOR CHOKE-TO-COVER FLANGE CONNECTION 
POWER Vb ™tv^G A 0 040.'vEnTicAL MISALIGNMENT 

(1% |/2"x 0.050" WAVEGUIDE) 
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FIGURE   47 
POWER VS PRESSURE FOR CHOKE-TO-COVER ^NGE CONNECTION 

HAVING A 0.040 VERTICAL  MISALIGNMENT, 
SHOWING   DUAL-SLOPE  CURVE 

(("x 1/2"x 0.050" WAVEGUIDE) 
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FIGURE   48 

POWER VS PRESSURE POR CHOKE-TO-COVER FLANGE CONNECTION 
HAVING  A 0.020" HORIZONTAL   MISALIGNMENT 

(l"« 1/2"!! 0.050" WAVEGUIDE) 
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FIGURE  40 

POWER VS PRESSURE FOR CHOKE-TO-COVER FLANGE CONNECTION 
HAVING A 0.040"H0RIZ0NTAL  MISALIGNMENT 

{l"x l/2"x 0.050" WAVEGUIDE) 
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FIGURE   50 

POWE^i VS PRESSURE FOR CHOKE-TO-COVER FLANGE CONNECTION 
HAVING A 0.020" HORIZONTAL  AND VERTICAL   MISALIGNMENT 

(!"» l/2"x 0.050'WAVEGUIDE) 
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FIGURE    51 

P^WER VS PRESSURE FOR CHOKE-TO-COVER FLANGE CONNECTION 
^HAVING A 0.040"H0RIZ0NTAL AND VERTICAL   MISALIGNMENT 

(l"x l/2"x 0.050" WAVEGUIDE) 
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FIGURE 52 

POWER  VS PRESSURE FOR A CHOKE-TO-COVER FLANGE 
CONNECTION HAVING A   040" HORIZONTAL AND 

VERTICAL MISALIGNMENT, SHOWING DUAL-SLOPE CURVE 
(f'X l/2"X .050" WAVEGUIDE) ! 
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FIGURE 53 

POWER   VS    PRESSURE     FOR    VERTEBRAE   TYPE 
FLEXIBLE  WAVEGUIDE     (l"X 1/2"X0,050"WAVEGUIDE) 
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FIGURE   54 

POWER  VS PRESSURE    FOR 
TYPICAL WELDED   BUTT JOINT 
(l"* l/2"x 0.050"  WAVEGUIDE) 
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FIGURE  55 

POWER VS PRESSURE FOR WELDED 
BUTT  JOINT HAVING   A 0.005" GROOVE 

U'kl/2"xO.050"wavEGUIDE) 
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FIGURE    57 

POWER VS  PRESSURE  FOR 
TYPICAL WELDED CHOKE JOINT 

Cl"x l/2"x 0.050" WAVEGUIDE) 
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FIGURE   58 
POWER VS PRESSURE FOR 

WELDED CHOKE JOINT HAVING 0.005" GAP 
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FIGURE 63 

POWER VS PRESSURE FOR   90-DEGREE 

H-PLANE   BEND   (^X 1/2" X   OSO" WAVEGUIDE 
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FIGURE 7 4 
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FIGURE 75 
BREAKDOWN   POWER  VS. PRESSURE 

FOR  THE   CROSS-GUIDE COUPLER WITH 
SLOTS  TRANSVERSE TO PRIMARY  WAVEGUIDE 
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FIGURE 77 
BREAKDOWN POWER VS.PRESSURE 
FOR THE SCHWINGER COUPLER WITH 
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